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Abstract 
For the application of advanced hydrogel-based artificial muscle systems, conventional 
polymeric hydrogels usually suffer from various limitations such as structural inhomogeneity 
and poor mechanical strengths. Thus, improving the mechanical strength of a specific 
hydrogel system while maintaining its other useful properties become increasingly 
important. In this project, three different approaches were employed to improve the 
mechanical properties of hydrogels though microstructural control, including physical cross-
links, copolymerisation, and interpenetrating systems. Analytical tools such as FTIR and XRD 
were used to confirm the success of sample preparation. Morphological SEM 
characterisations were applied to reveal direct graphic information on hydrogels’ 
microstructures. Equilibrium water swelling tests as well as uniaxial compression 
measurements were conducted to evaluate the influences of various experimental 
parameters on the hydrogels’ water-holding and mechanical properties. 
The physical cross-linker approach was proved to be successful since comparable swelling 
capacities and dramatically enhanced mechanical strength were achieved in nanocomposite 
systems in comparison with conventional chemically cross-linked gel systems, due to the 
presence of flexible cross-linking points and the multifunctional cross-linker role played by 
clay. The copolymerisation approach, both between two neutral monomers and between 
one neutral and the other ionic monomer, was unsuccessful in terms of mechanical 
property enhancement due to the low cross-linking density as a result of the dominate 
competition of copolymerisation rather than cross-lining kinetics. The interpenetrating 
approach was concluded as successful since hugely improved mechanical toughness and 
slightly reduced swelling capacities were observed in most IPN gel systems.  
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1. Chapter 1 Introduction 
1.1 Background 
During the past few decades, there has been an explosion of advances in the fields of 
material engineering and nanotechnology, and significant progress has been made in the 
design, preparation, and application of advanced materials [1, 2]. Polymer materials, 
especially hydrophilic ones, have always been the main research interest due to the variety 
of chemical structures and the ease of control over the molecular architectures [1]. 
Hydrophilic polymers are well-known for their high water affinity and biocompatibility [1, 3], 
hence their wide range of biological and medical applications. For example, hydrophilic 
polymers can be used as scaffold materials in the tissue engineering field [4, 5]. The cross-
linked forms of hydrophilic polymers, known as hydrogels, are increasingly popular among 
numerous applications because of their advanced water holding capacity and good 
biocompatibility [1]. Their cross-linked nature allows them to hold substantial amounts of 
water within their porous network structure, yet prevents the polymer network from 
dissolving [1, 3]. Despite containing large amounts of water, hydrogels usually remain intact 
in shape and retain the physical properties of solids [6, 7]. The water holding capacity of a 
hydrogel originates from the presence of hydrophilic groups in its network (amino, carboxyl 
and hydroxyl groups) [8], and varies depending on the cross-linking density. Both the 
increase of hydrophilicity in the chemical backbone and the decrease of cross-linking density 
in the network structure allow more water penetration in between the polymer chains, 
hence enhance the water holding capacity of a hydrogel. 
Ever since the first commercial application of synthetic hydrogels in the contact lens 
industry in 1955 [9], significant progress has been made in the design, synthesis, and 
application of novel hydrogels. The current interests in the hydrogel field include: (i) 
replacing natural hydrogels with synthetic ones, which have longer service life and higher 
gel strength [10]; (ii) increasing the mechanical properties of hydrogels through 
copolymerisation or interpenetration of several gel components; (iii) Introducing “smart” 
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functionalities into hydrogel networks, so that they are able to show thermodynamic 
swell/de-swell responses towards certain environmental stimuli, such as pH and 
temperature [3, 7]. Recent developments include the application of advanced hydrogels in 
drug delivery systems [3, 11, 12], tissue engineering [4, 6, 13], biosensors [14, 15], and 
separation membranes [16].  
Among these applications, an ideal hydrogel candidate material is supposed to 
simultaneously fulfil several functional features such as high absorption capacity, fast 
swelling/de-swelling rate, desired network porosity, good durability, and mechanical 
strengths [17]. However, the achievement of some features will result in inefficiency of 
others, and some features are necessary for certain applications while the others are not. 
For example, hydrogels used in female hygiene products must possess the highest 
absorption rate [10], while hydrogels used in tissue engineering are supposed to have good 
mechanical strengths and biocompatibility. Thus, of great importance is the appropriate 
balance between these functional features in a specific application [10, 17]. Therefore, 
modern hydrogels must be engineered to optimise performance, in both molecular 
architecture design and experimental parameters control.  
The design of the molecular architecture of a hydrogel is usually challenging due to the lack 
of control over cross-linking polymerisation kinetics [18, 19], which will generally result in 
inhomogeneous cross-linking distribution and various polymer chain lengths between cross-
links. In addition, the freedom and flexibility of polymer chain configurations and cross-
linking points also influence the performance of a hydrogel  [19, 20]. Several approaches 
have been reported in hydrogel engineering to gain more control on the molecular level and 
enhance the overall performance, such as topological gels (TP gels) [19, 21], nanocomposite 
gels (NC gels) [22], polymer blending, copolymerisation, and interpenetration network 
approaches [19]. Their schematic structure and the underlying mechanism will be discussed 
in more detail in the literature review chapter. The experimental parameters, such as 
monomer concentration and cross-linker concentration, are also of great importance during 
the synthesis of a hydrogel. A detailed explanation of the use of the orthogonal 
experimental design would be provided in the experimental chapter.  
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1.2 Aims and Objectives 
This PhD research program on the mechanical property enhancement of hydrogel systems is 
a fundamental part of a synthetic muscle project---Design and synthesis of a hydrogel-based 
advanced artificial muscle system. Natural muscles behave like actuators that they could 
store great amount of energy and show fast response towards stimuli [23, 24]. Hydrogel-
based artificial muscle systems, or electroactive hydrogels, can response to external electric 
signals and show abrupt changes in volume in a controlled way [24, 25]. The ability to 
reversibly change their size and shape under certain external conditions has made hydrogels 
very attractive. As reported in literature, the application of advanced hydrogel systems in 
responsive actuator or artificial muscle system becomes widely studied [26-28].  
Being at the initial stage of the synthetic muscle project, this research would first review the 
literature on synthetic hydrogel systems, and then focus on improving the mechanical 
strengths of hydrogel systems. Thus, the aims and objectives of this research were: 
 
 To identify the problems and drawbacks encountered in the application of conventional 
hydrogel systems. 
 To propose and evaluate different strategies to gain more control over hydrogels’ 
molecular architecture. 
 To investigate the influences of various experimental parameters on hydrogels’ 
properties. 
 To compare different approaches in improvement of hydrogels’ mechanical properties, 
such as introducing physical cross-linking, copolymerisation with another monomer, 
and interpenetration with another network. 
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1.3 Layout of thesis 
There are seven chapters included in this thesis, starting with Chapter 1 Introduction, which 
provides the background, aims and objectives and the layout of the thesis.  
Chapter 2 presents the literature review of polymeric hydrogels, including the definition and 
classification, the network structure and swelling, synthesis and characterisation, stimuli-
sensitive hydrogels, mechanically reinforced hydrogels, and the application of hydrogels.  
Chapter 3 describes the experimental details, including the materials used, the experimental 
design, sample preparation and nomenclature, and various characterisation techniques.  
Chapter 4 presents the results and discussions of both the conventional chemically cross-
linked and advanced physical cross-linked hydrogels based on N,N’-dimethylacrylamide 
(DMAA). 
Chapter 5 presents the results and discussions of two copolymer hydrogel systems, one is 
the copolymerisation between two neutral monomers DMAA and acrylamide (AAm) and the 
other is the copolymerisation between one neutral monomer AAm and one ionic monomer 
acrylic acid (AAc).  
Chapter 6 presents the results and discussions of the interpenetrating network approach, 
which is based on a first poly(acrylic acid) (PAAc) network a second poly(acrylamide) (PAAm) 
network.  
In Chapter 7, the conclusion and future work are reviewed.  
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2. Chapter 2 Literature Review 
2.1 Introduction to hydrogels 
 
Hydrogels are considered to be three-dimensional, hydrophilic, cross-linked polymeric 
networks that are capable of swelling in water or biological fluids [8, 29]. The hydrophilic 
nature of hydrogel networks, which is due to the presence of chemical residues such as 
amino, carboxyl and hydroxyl groups in the polymer backbone [8, 30], provides hydrogels 
with high water affinity. The presence of cross-links, either chemical cross-links (covalent, 
atomic, ionic) or physical cross-links (hydrogen bonding, molecular entanglements) [7, 12, 
29], provides hydrogels with physical integrity and prevents them from dissolving in water. 
Thus, a thermodynamic balance can be achieved with water molecules entering in and 
getting out of the hydrogel network. The water holding capacity of hydrogels highly 
resembles human living tissue, rendering them great candidates for biomedical applications. 
Hydrogels may be classified in a number of ways: 
Based on the origin of the monomers, hydrogels can be divided into natural and synthetic 
hydrogels. Natural hydrogels such as collagen, hyaluronic acid (HA), and chitosan, are 
originated from natural sources and have the advantage of low toxicity and biocompatibility 
[31]. Synthetic hydrogels, on the other hand, are produced through various chemical 
polymerisation reactions. In recent years, synthetic hydrogels are increasingly replacing the 
use of natural hydrogels due to their longer service life, tailored properties, and better 
mechanical strengths[10].  
 
 Based on the polymer composition, hydrogels can be divided into homopolymers, 
copolymers, and multipolymer interpenetrating hydrogels [10]. Homopolymeric 
hydrogels are synthesised from a single species of monomers, while copolymeric 
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hydrogels are comprised of two or more monomer species arranging in random, block, 
or alternating configurations [32]. Interpenetrating hydrogels are made of one or two 
independently cross-linked polymer networks [33], and their toughnesses are usually 
greatly enhanced compared to single network hydrogels.  
 Based on the nature of the cross-linking process, hydrogels can be divided into 
chemically cross-linked hydrogels or physically cross-linked hydrogels. Chemically cross-
linked hydrogels are obtained from the formation of covalent/ionic bonds through the 
use of an organic chemical cross-linker (OR gels), and they are usually viewed as 
permanent hydrogels [8]. On the other hand, physically cross-linked hydrogels are 
formed due to physical interactions such as molecular entanglement [34], van der 
Waals forces, ionic interactions, hydrophobic interactions [10], and hydrogen bonding 
among polymer chains [8]. Examples of physical hydrogels include polyvinyl alcohol 
glycine hydrogels and clay-based nanocomposite hydrogels (NC gels) [8]. 
 Based on the electrical charge of the networks, hydrogels can be divided into neutral, 
ionic (including anionic and cationic), and electrolytic (containing acidic and basic 
groups) hydrogels [10]. 
 Based on the physical structures, hydrogels can be divided into amorphous, semi-
crystalline [35], supermolecular structures [36], and hydrocolloid aggregates [10, 29]. 
 Based on the ability to respond to external stimuli, hydrogels can be categorized as 
either conventional or stimuli-responsive hydrogels (“smart” gels). Conventional 
hydrogels absorb water when they are placed into an aqueous media, and changes in 
the surrounding environment have no effect on their swelling behaviour [8]. However, 
stimuli-responsive hydrogels behave differently in that their swelling behaviours are 
sensitive to various external stimuli, such as pH, temperature, and electric field [8]. 
Examples of stimuli-sensitive hydrogels include the applications of pH-sensitive 
hydrogels in controlled drug delivery systems [37], and electric field-sensitive hydrogels 
in artificial muscles [23]. 
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2.2 Network structure and swelling of hydrogels 
To better understand the network structure of hydrogels, three important parameters are 
introduced in the literature: (i) the polymer volume fraction in the swollen state (v2，s); (ii) 
the molecular weight of the polymer chain between two neighbouring crosslinking points 
(Mc); (iii) the correlation mesh size (ζ) [29, 30, 38]; Both the equilibrium-swelling theory and 
the rubber-elasticity theory are used to describe and elucidate the structure of hydrogels.  
The polymer volume fraction in the swollen state is a measure of the amount of fluid 
imbibed and retained by the hydrogel [29, 38], and is defined as the ratio of the polymer 
volume (Vp) to the swollen gel volume (VS) [30]. It is also the reciprocal of the volumetric 
swollen ratio (Qv) which could be related to the sovent density (ρ1), polymer density (ρ2), 
and the mass swollen ratio (Qm) [39]:  
V2，s =
Vp
Vs
= Qv
−1 =
1
ρ2
Qm
ρ1
+
1
ρ2
                                                                                            Equation 2.1 
The chain length between two consecutive crosslinks is an approximate measure of the 
degree of crosslinking (X) [30]: 
X =
M0
2Mc
                                                                                                                                 Equation 2.2 
Where M0 is an estimate of the molecular weight of the repeating units. By applying the 
equilibrium-swelling theory, the molecular weight between cross-links in a neutral hydrogel 
prepared in the presence of water is determined by [29, 38]: 
1
Mc
=
2
Mn
−
(
v
V1
)[ln(1−v2,s)+v2,s+χv2,s
2]
v2,r[(
v2,s
v2,r
)
1
3
−
v2,s
2v2,r
]
                                                                                Equation 2.3 
Here, Mn is the molecular weight of the polymer chains prepared under identical conditions 
but in the absence of cross-linking agents, v is the specific volume of the polymer [30], V1 is 
the molar volume of water, v2,r is the polymer volume fraction in the relaxed state, which is 
defined as the state of the polymer immediately after cross-linking but before swelling, and 
χ is the polymer-solution interaction parameter [38]. 
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The correlation mesh size is a measure of the distance between two adjacent crosslinks, 
which represents an estimate of the space available in the porous network [29, 38]: 
ζ = V2,s
−
1
3 × l × (
Cn×2Mc
Mr
)
1
2
                                                                                               Equation 2.4 
Where Cn is the Flory characteristic ratio which is a constant for a given polymer-solvent 
system, l is the carbon-carbon bond length and Mr is the weight of the polymer repeating 
units [30, 38]. 
 
 
Figure 2.1. Cross-linked hydrogel network structure taken from reference. [15] 
 
The most favourable property of hydrogels is their ability to swell without dissolving. Due to 
the presence of hydrophilic groups in the network, hydrogels can swell in water up to 1000 
times their dried weight [7]. The maximum degree of water-holding capacity of a hydrogel is 
described as the equilibrium water content-EWC [7]: 
EWC% =
Ws−Wdry
Ws
× 100                                                                                                 Equation 2.5 
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Here, Ws is the weight of the swollen hydrogel and Wdry is the dried weight of the gel. This 
equilibrium swelling state is defined as the balance between the stretching of polymer 
chains towards swelling and the retraction of polymer chains due to their elastic nature [15].  
The swelling process of hydrogels is quite complicated and consists of three stages [15]: (i) 
primary bond water-water molecules diffuse into the hydrogel matrix and hydrate the most 
polar, hydrophilic groups [7, 40]; (ii) secondary bound water-the hydration and relaxation of 
the hydrophilic groups leads to the exposure of those hydrophobic groups [30, 40]; (iii) free 
water-the expansion of polymer network towards infinite dilution is restricted by the 
presence of cross-links, and an additional amount of water is absorbed to fill the space of 
macropores or voids [7, 34].The dynamics of hydrogel swelling can be classified as diffusion-
controlled (Fickian) swelling, in which the diffusion of water molecules into the hydrogel 
network is faster than the relaxation of polymer chains, and relaxation-controlled (non-
Fickian) swelling [29]. A detailed mathematical analysis of hydrogel swelling kinetics was 
reported by Peppas and Colombo [41]. 
There are various factors affecting the swelling of hydrogels, either inherent or 
environmental: the hydrophilicity of polymer networks has a great influence on the swelling 
ratio in that hydrogels containing more hydrophilic groups swell to a higher degree; high 
cross-linking degree in a hydrogel leads to a tighter and denser network, thereby lowering 
the water-holding capacity; a shift in temperature, pH, or ionic strength in the environment 
will affect the osmotic balance within a stimuli-sensitive hydrogel’s network, hence affecting 
its swelling behaviour. 
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2.3 Synthesis and characterisation of hydrogels 
As mentioned before, polymeric hydrogels are cross-linked hydrophilic networks that 
contain large amount of water. Thus, any technique which can be used to produce a cross-
linked polymer is suitable for the synthesis of a hydrogel [10]. In general, the hydrogel 
synthesis consists of three integral parts: monomer, initiator, and cross-linker [10], and the 
process usually involves polymerisation, cross-linking, and subsequent swelling. Diluents 
such as water are usually used to control the heat of polymerisation and the final hydrogels 
properties.   
 
Starting with hydrophilic monomers: 
If the hydrogel synthesis starts with hydrophilic monomers, it usually involves simultaneous 
polymerisation (copolymerisation) and cross-linking processes by reacting hydrophilic 
monomers with multifunctional cross-linkers upon UV-irradiation or redox initiation [10]. 
Most polymerisation techniques used for hydrogel synthesis involve the presence of solvent 
such as water, ethanol, and benzyl alcohol [10], and the presence of solvent helps heat 
dissipation during the polymerisation process [42]. The simultaneous cross-linking process 
can be induced by either via chemical reactions, ionizing radiation, or through physical 
interactions such as entanglements or crystallite formation [43]. However, the synthesis 
starting with monomers often results in hydrogels containing significant levels of impurities, 
such as residual monomers, unreacted initiator or cross-linkers, and unwanted by-products 
[44]. Hence, the purification of hydrogels is always required through extraction in excess 
water for up to several days. 
There are plenty of examples of hydrogel synthesis starting with monomers using the 
simultaneous polymerisation/cross-linking technique. The preparation of poly(hydroxyethyl 
methacrylate) (PHEMA) gels usually involves solution polymerisation/cross-linking using 2-
hydroxyethyl methacrylate (HEMA) as a monomer, poly(ethylene glycol) dimethacrylate 
(PEGDMA) as the cross-linking agent and benzoin isobutyl ether (BIE) as the UV-initiator [45]. 
The synthesis of highly absorbent hydrogel microspheres generally involves suspension or 
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inverse-suspension emulsion polymerisation by dispersing the monomers and initiator in a 
homogeneous mixture under continuous agitation [46]. The poly(N,N’-
dimethylacrylamide)/clay (PDMAA/Clay) nanocomposite hydrogels prepared by Y.Wang’s 
group were synthesised via free radical polymerisation/physical cross-linking using 
potassium peroxodisulfate (KPS) as the initiator [47].  
 
 
Figure 2.2. Hydrogel synthesis starting with hydrophilic monomers [44]. 
 
Starting with hydrophilic polymers: 
To avoid the need for purification of hydrogels after their synthesis, direct cross-linking of 
readymade water-soluble polymers is also possible. Most well-known water-soluble 
polymers include poly(acrylic acid), poly(vinyl alcohol), poly(ethylene glycol), polyacrylamide, 
and some polysaccharides [44]. The cross-linking process can be either via chemical 
reactions, upon ionizing radiation, or through various physical interactions [10]. Typical 
chemical cross-linkers include various aldehydes such as formaldehyde and dimethylurea, 
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and the cross-linking process is mostly random, therefore network defects such as 
unreacted polymer chains, loops or entanglements are often present. For example, 
hyaluronic acid (HA) hydrogels can be prepared by dissolving the polymer in water/ethanol 
solution and subsequent crosslinking using bis(sulphosuccinimidyl) (BS3) at 310K for an hour 
[47]. Examples of radiation cross-linking of polymers include the current commercial wound 
dressing materials ‘kikgel®’ and ‘Aqua-gel®’, which are sterile hydrogels prepared by direct 
cross-linking of natural polymer gelatine or agar through gamma radiation [44]. Another 
example of hydrogel formation through physical cross-linking is from polyvinyl alcohol (PVA) 
polymers, since aqueous solutions of polyvinyl alcohol (PVA) polymers can transfer into 
tough and stable elastic gels under repeating freeze-thaw cycles due to crystallite formation 
[48]. Recently, a novel method of hydrogel synthesis from ready-made water-soluble 
polymers using thermal treatment or microwave irradiation has been reported [49]. In this 
method, specific water-soluble polymers such as poly(methyl vinyl ether-alt-maleic 
anhydride) and poly(vinyl alcohol) are mixed together and the cross-linking process is 
conducted by thermal treatment under high pressure via autoclaving or microwave 
radiation [44, 49]. 
 
 
Figure 2.3. Hydrogel synthesis starting with hydrophilic polymers [44]. 
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The characterisation techniques used for hydrogels are similar to the ones used for general 
polymer materials, yet also different due to their water-containing nature. Here we only 
consider the most commonly used testing techniques, and they fall into three categories---
structural, morphological, and property characterisations. 
 
(1) FTIR (Fourier Transform Infrared) 
 
Fourier Transform Infrared spectroscopy (FTIR) is a method of obtaining infrared spectra 
of absorption or emission of a solid, liquid or gas [8, 50]. When exposed to infrared 
radiation, the chemical bonds present in a material can selectively absorb radiation of 
specific wavelengths [50] and change their vibrational energy levels from ground state 
to excited state [51]. The specific frequency at which a given vibration occurs is 
determined by the strengths of the chemical bonds involved and the atomic mass of the 
atom involved. Therefore, by analysing the resulting spectrum such as the position and 
intensity of absorption peaks [52], one can obtain abundant chemical structure 
information of a material. Typical infrared absorption frequencies are listed in Table 2.1 
below. The common used region for infrared spectroscopy is 4000 ~ 400 cm−1 because 
the absorption or emission radiation of most organic compounds and inorganic ions is 
within this region [52, 53]. The FTIR technique has been widely applied in organic 
synthesis and polymer science when identifying the chemical structure of a material [54].  
To understand the unique feature of a FTIR spectrometer, it is worth mentioning here 
some background information about dispersive spectrometers. The goal of any 
spectroscopy is to measure how well a sample absorbs or emits light at each specific 
wavelength. The simplest way of conducting such measurement is to apply a 
monochromatic light beam at a sample and measure its absorption or emission level, 
and repeat for every different wavelength [51]. Thus the basic components of a 
dispersive IR spectrometer usually include a radiation source, a monochromator, and a 
detector. On the other hand, FTIR spectroscopy is a less intuitive way to obtain the same 
information. To be specific, instead of applying a monochromatic beam of light at the 
sample, FTIR involves applying a mixture of light beam containing various light 
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frequencies [50] and measures their absorption spectra and then measures their 
absorption spectra [51]. Then the light beam mixture is modified to produce a different 
group of light frequencies due to wave interference through a Michelson interferometer, 
and their absorption spectra are recorded again [53]. This process is repeated many 
times to gain a complete absorption spectrum of the sample over a wide spectral range 
[55]. Finally, computer processing is required to convert the raw data through a 
common algorithm called ‘Fourier Transform’ to obtain the spectrum [53]. Thus, the 
resulting FTIR absorption or transmittance spectrum is a fingerprint of the measured 
material. 
 
Table 2.1. Typical infrared absorption frequencies [55, 56]. 
Functional 
class 
Stretching Vibrations Bending Vibrations 
Range 
(cm−1) 
Assignment Range 
(cm−1) 
Assignment 
Alkanes 2850-3000 CH3, CH2 & CH 
2 or 3 bands 
1350-1470 
1370-1390 
720-725 
CH2 & CH3 deformation 
CH3 deformation 
CH2 rocking 
Alkenes 3020-3100 
1630-1680 
1900-2000 
=C-H & =CH2   
C=C  
asymmetric stretch 
880-995 
780-850 
675-730 
=C-H & =CH2 
(out-of-plane bending) 
cis-RCH=CHR 
Alkynes 3300 
2100-2250 
C-H (usually sharp) 
C≡C (symmetry reduces 
intensity) 
600-700 C-H deformation 
Arenes 3030 
1600 & 1500 
C-H (several bands) 
C=C (in ring) (2 bands) 
(3 if conjugated) 
690-900 C-H bending & 
ring puckering 
Alcohols 
& Phenols 
3580-3650 
3200-3550 
970-1250 
O-H (free), sharp, 
O-H (H-bonded), broad 
C-O 
1330-1430 
650-770 
O-H bending (in-plane) 
O-H bend (out-of-plane) 
Amines 3400-3500  
3300-3400  
1000-1250 
N-H (1°-amines), 2 
bands 
N-H (2°-amines) 
C-N 
1550-1650 
660-900 
NH2 scissoring (1°-
amines) 
NH2 & N-H wagging 
(shifts on H-bonding) 
Carboxylic 
Acids  
 
2500-3300  
1705-1720  
1210-1320  
O-H (very broad) 
C=O (H-bonded)  
O-C (2-peaks) 
1395-1440 C-O-H bending 
Nitriles 2240-2260 C≡N (sharp)   
 
 
32 
 
 
Figure 2.4. Schematic diagram of a FTIR spectrometer [55, 57].  
 
FTIR is a suitable tool in investigating crosslinked materials such as hydrogels due to its 
non-destructive approach. Examples of applying the FTIR characterisation on polymeric 
hydrogels have been reported widely in literature. One of the most basic applications of 
FTIR in hydrogels is to confirm the presence of monomers and cross-linkers in the 
prepared hydrogel network [58]. For example in the work reported by Antônio Sávio G’s 
group regarding acrylamide and sodium acrylate copolymer hydrogels [58], FTIR 
characterisation was applied to determine the acrylate/acrylamide ratio in copolymer 
gels based on the observance of absorbent peaks around 1410 cm−1 (nCOO-) and 2940 
cm−1 (nCH and nCH2)  in the FTIR spectra [58]. In the work reported by Herman S. 
Mansur’s group [51], FTIR technique was used to investigate the nanostructure of 
chemically glutaraldehyde cross-linked poly (vinyl alcohol) (PVA) hydrogels [51]. To be 
specific, the FTIR spectra of the crosslinked PVA gels showed absorption bands of acetal 
bridges [51], which was resulted from the chemical reaction between the chemical 
cross-linker glutaraldehyde and the OH groups of PVA gels [51]. In addition, the 
conclusion of increased hydrogel crystallinity with higher degree of hydrolysis was 
obtained through comparing the relative intensity of the vibration band at 1141 cm−1 in 
FTIR spectra [51]. Other advanced applications of FTIR in hydrogels include the FTIR 
imaging of real-time characterization of patterning polymerization processes [59], the 
verification of the partial neutralization of acrylic acid monomer [60], the analysis of 
oxygen inhibition in photopolymerisations of hydrogel micro patterns [61], and the 
intermolecular interaction between metal ions and hydrogel functional groups [62]. 
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(2) SEM (Scanning Electron Microscope) 
 
Scanning Electron Microscope (SEM) is a type of electron microscope that produces high 
resolution images of a sample’s morphological features [63] by hitting a focused beam of 
high-energy electrons onto the sample surface [54, 64]. The fundamental principles of 
SEM is that the focused beam of electrons in SEM carries significant amounts of kinetic 
energy, and this energy is dissipated through interactions of the electron beam with 
atoms at various depths within the sample [63]. Thus, a variety of signals, including 
secondary electrons [65], reflected or back-scattered electrons [66], photons, and 
transmitted electrons [66], are produced through electron-sample interactions [64]. The 
detection and analysis of these signals are of great importance in understanding the 
morphological features of a sample, such as surface topography, chemical composition, 
crystalline structure, and material orientations [65]. For example, secondary electrons 
are investigated to show a sample’s morphological and topographical features [66], 
while backscattered electrons can be used to illustrate contrasts between different 
phases in composition [63]. Therefore, the imaging in SEM is achieved by scanning the 
sample and collecting the emitted signals using a detector [64]. The resolution of SEM 
imaging can reveal details of less than 1 nm in size of a sample [66]. The schematic 
diagram of a typical SEM spectrometer set up can be seen from below.  
 
 
Figure 2.5. Schematic diagram of SEM [63]. 
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The application of SEM in investigating crosslinked materials such as hydrogels reveals 
the morphological architecture of the polymer networks [67]. In sample preparation, 
hydrogel samples are usually freeze-dried [68] at first and then sputter-coated with a 
thin layer of gold prior to SEM imaging [69]. Here the gold coating is to prevent the 
accumulation of electrostatic charge on nonconductive materials when scanned by the 
electron beam [68]. The freeze-drying process, also known as the lyophilisation process, 
is a water removal process typically used in soft and perishable materials to preserve 
and stabilize their structure [70]. There are basically three primary stages to freeze 
drying, namely the freezing phase, the sublimation phase, and the adsorption phase [69]. 
As can be seen from the water phase diagram below, the material is firstly cooled to 
temperature below its triple point, which is the lowest temperature at which the solid 
and liquid phases of the material can coexist [69]. The usual freezing temperatures are 
between -50 ℃ and -80 ℃. Then, the sublimation phase takes place by lowering the 
pressure and adding heat slowly [70], and about 95% of the water in the material is 
removed by changing from the solid state (ice) directly to the vapour state without first 
going through a liquid phase [68]. The vacuum environment of SEM chamber speeds the 
sublimation process. In the final adsorption phase, bonded water molecules are 
removed by further raising the temperature, thereby leaving most materials 1-5% 
residual moisture [70].  
 
Figure 2.6. Phase diagram of water [70].  
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The high water content of hydrogels leads to their unique physical properties while 
challenging them greatly in the structural characterisation techniques due to the 
temperature and pressure dependence of water [71]. Unlike the collapse and shrinkage 
usually caused by conventional drying methods such as air-drying and oven-drying, 
freeze-drying is able to minimise changes in the dried product appearance [70, 72], 
making it a great choice in the sample preparation of hydrogel SEM imaging. As can be 
seen from the figure below, the freeze-drying procedure on the 3D porous scaffolds 
resulted in a complete water removal with only 5–10% volume reduction, while drying in 
a 37 ℃ oven resulted in the same water removal but at the expense of a much larger 
volume change (50–60%) [73]. It is this ‘shape-holding’ feature of freeze-drying that 
makes it very helpful in understanding the morphology of soft and perishable materials 
such as polymeric hydrogels [74, 75].  
 
 
Figure 2.7. Influence of different drying methods on the product appearance [73].  
 
The freeze-drying sample preparation technique has been reported widely in literature 
in the SEM imaging of polymeric hydrogels [69, 73, 74, 76, 77]. As can be seen from 
Figure 2.8, most SEM images of hydrogels reveal a three-dimensional porous 
architecture [71], in which contains interconnected micro pores of sizes ranging from 
100 to 900 micrometres [73]. These pores are generated during the sublimation process 
of the freeze-drying technique [76], and it has been reported that both the pore 
structure and the surface morphology of the gel depend not only on the initial synthesis 
parameters [74] but also on the freeze-drying parameters [72, 73]. Generally speaking, 
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fast freezing speed would stop ice crystals from growth and generates very small pores 
[78], while slow freezing or annealing usually generates large ice crystals and large pores 
[75, 76].  
 
 
Figure 2.8. SEM images of alginate hydrogel samples at different positions [71]. 
(a. 25 μm from the sample edge; b. 200 μm from the sample edge; 
c. 10 μm from the sample edge; d. 20 μm from the sample edge) 
 
(3) XRD (X-Ray Diffraction) 
 
X-radiation (X-rays) is a kind of electromagnetic radiation with wavelengths between 
roughly 0.1 Å and 100 Å [79], which is similar to the interatomic distances in a crystal 
[80]. Thus, crystalline substances could act as three-dimensional diffraction gratings for 
incoming X-ray waves [79, 81]. In other words, crystalline atoms can diffract a beam of 
incident X-rays into many specific directions [79, 82]. By measuring the angles and 
intensities of these diffracted beams, information such as the crystallite size and 
orientation can be obtained [80]. Nowadays, X-ray diffraction is a common technique 
primarily used for the phase identification of a crystalline material as well as providing 
crystallographic information on atomic unit cell dimensions [83].  
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The experimental set up of X-ray diffraction is shown in Figure 2.9 below. The laboratory 
source of X-rays is generated by a cathode ray tube in which electrons are emitted from 
a heated tungsten filament, and accelerated to impinge on a water-cooled metal target 
[82]. These generated X-rays are then filtered through a monochromator to produce 
monochromatic radiation and directed toward the sample being analysed. Upon hitting 
the sample, incident monochromatic X-rays will either be transmitted or scattered by 
the electrons of the atoms in the sample [80]. Here only the constructive interference 
between two X-ray waves in phase with each other is of interests.  
 
 
Figure 2.9. Experimental setup of X-ray diffraction [84]. 
 
According to Bragg’s Law (nλ=2d sin θ), constructive interference can only occur when 
the path difference of the adjacent plan scattering of two parallel X-rays from the same 
source is an integer number of wavelengths λ [79]. As can be seen from Figure 2.10, the 
X-ray scattered from the surface plan of a crystalline material travels less distance than 
the one scattered from the inner plan of a crystalline material. In addition, the path 
difference of the adjacent plan scattering of two parallel X-rays depends on the lattice 
spacing d as well as the incident (diffraction) angle θ [82], and can be calculated as 
2d sin θ. When n is an integer (1,2,3 etc.), the scattered waves from different atomic 
plans are perfectly in phase with each other and produces constructive interference, 
which can later be detected as a peak on the XRD spectra or a bright point on a piece of 
photographic film [81].  
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Figure 2.10 Schematic diagram of Braggs’ Law [83].  
 
By scanning the sample over a range of 2θ angles, all possible diffraction peaks from the 
lattice, together with their peak intensities and widths [82], could be detected and 
processed to reveal a series of lattice spacings [81]. After comparing with standard 
reference patterns, identification of the material can be achieved [84]. An example of 
matching the peak positions and relative intensities of the experimental and reference 
data is given in Figure 2.11 below.  
 
 
Figure 2.11. Powder diffraction profile of hydroxyapatite Ca10(PO4)6(OH)2 [84]. 
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The most commonly used XRD instrumentation is X-ray powder diffraction. Unlike single 
crystal diffraction, in which very few diffraction data can be collected for a given 
wavelength and sample setting due to the lack of orientation in a single crystal, X-ray 
powder diffraction is able to access more values of 2θ angles since a powder has crystals 
in all possible orientations. Thus, spotty rings of different 2θ values could be formed in 
X-ray powder diffraction, as can be seen in Figure 2.12 below.  
 
 
Figure 2.12. Spotty rings presented in an X-ray powder diffraction. 
 
Due to the rapid scan speed and straight forward data interpretation, X-ray diffraction 
has been widely applied in the identification of an unknown mineral substance or the 
determination of crystal structure and lattice parameters [83]. In addition, it has been 
reported in literature that the use of X-ray diffraction on hydrogels is a suitable 
approach. The work done by Dave Adam’s group [85-87] on naphthalene dipeptides 
involved the use of X-ray crystallography and X-ray fiber diffraction to identify the 
difference in molecular packing between the gel/fiber phase and the crystal phase, 
thereby providing an insight on the relationship between the dipeptide sequence and 
the hydrogelation efficiency. In addition, the self-sorting of two gel components at the 
assembled molecular level was proved by X-ray fiber diffraction, in which the diffraction 
pattern of the mixed system was found to match an overlay of individual gel component 
[86, 87], as can be seen in below. In this study, the use of X-ray diffraction technique was 
to confirm the successful incorporation of clay minerals as the physical cross-linker of 
hydrogels.  
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Figure 2.13. Fibre X-ray diffraction results for mixed gel systems as well as individual gel 
component [87] 
 
(4) Solubility 
The polymer content of a given hydrogel can be estimated by measuring the insoluble 
part in a dried sample after water immersion. The gel fraction is then expressed as: 
Gel fraction (%) =
(Wdry)
W0
× 100                                                                                  Equation 2.6 
Wdry is the dried weight of the gel and W0 is the weight of the as-prepared hydrogel. 
 
(5) Swelling properties 
The water holding capacity and the swelling behaviour are the most important 
characteristic features of a hydrogel. The various equations regarding to hydrogel 
swelling are given below: 
Equilibrium mass swelling ratio (ESR %) = 
(Ws−Wdry)
Wdry
× 100                                Equation 2.7 
Equilibrium water content (EWC %) = 
(Ws−Wdry)
Ws
× 100                                       Equation 2.8 
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Polymer volume fraction in the swollen state  υ2,s =
ρ1
ρ1+(
Ws
Wdry
−1)ρ2
                  Equation 2.9 
Polymer volume fraction in the relaxed state υ2,r =
ρ1
ρ1+(
W0
Wdry
−1)ρ2
                 Equation 2.10 
Inter-crosslinking molecular weight  
1
Mc
=
2
Mn
−
(υ/V1)[ln(1−υ2,s)+υ2,s+χυ2,s
2]
υ2,r[(
υ2,s
υ2,r
)1/3 − 
υ2,s
 2υ2,r
]
   Equation 2.11 
Cross-linking degree X =
Mr
2Mc
                                                                                  Equation 2.12 
Cross-linking density =
1
υMc
                                                                                      Equation 2.13 
Where, Ws  is the equilibrium swelling weight; ρ1, ρ2  are the density of water and 
polymer; Mn is the molecular weight of the linear polymer; υ is the specific volume of 
the polymer; V1 is the molar volume of the water; χ is the polymer-solvent interaction 
parameter; Mr is the molecular weight of the repeating units;  
 
(6) Mechanical properties 
Similar to most materials, the mechanical behaviour of a hydrogel can be best 
understood using the theories of rubber elasticity and viscoelasticity [88]. Basically, 
hydrogels exhibit time dependent mechanical behaviour because of the viscoelasticity of 
the polymer network [89], as well as additional deformation mechanism because of the 
presence and flow of water. In their swollen states, hydrogels behave like rubbers and 
exhibit high extent and reversible deformation under stress [90]. However, at low 
enough temperatures or on a suitable time scale of a mechanical motion, hydrogels will 
exhibit viscoelastic or time-dependent behaviours due to the segmental motion of the 
polymer [90]. Therefore, time matters greatly in the conducting of mechanical 
measurements on hydrogels, and most measurements are usually time or frequency-
based.  
As mentioned previously, hydrogels are hydrophilic network materials that contain large 
amounts of water without dissolving.  The presence of water in hydrogels usually results 
in their relatively poor mechanical strengths in comparison with traditional engineering 
polymers [89], thereby limiting their use in many load-bearing applications. In addition, 
the multi-phase nature of hydrogels consisting of a porous solid with a liquid phase 
makes both the measurements and the interpretation of the mechanical data of a 
hydrogel extremely challenging [89]. On the one hand, hydrogels are difficult to ‘grip’ for 
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testing on common mechanical testing equipment. On the other hand, the elastic 
modulus of common hydrogel materials are usually on the order of kPa, which is 
incompatible with most mechanical testing equipment (MPa to GPa) [89]. Considering 
these difficulties, there are six most common mechanical testing techniques for 
hydrogels: tension [91], compression or confined compression [92], local indentation 
with a probe [93, 94], shear rheometry [95, 96], and dynamic mechanical analysis [97].  
 
 
Figure 2.14. Schematics of common mechanical testing setups for hydrogels [89]. 
(a. tension; b. compression; c. confined compression; d. indentation;  
e.shear rheometery; f. dynamic mechanical analysis;) 
 
The Universal Test-frame is one of the most commonly used mechanical testing tools 
due to its straight forward machinery setup and simple sample preparation. It usually 
consists of a uniaxial frame, in which the motion is actuated and the load & 
displacement data are monitored along a single axis [89]. With the help of a suitable 
sample-contacting hardware and a matching load cell [92], both the tension and 
compression testing of hydrogels can be conducted on the Universal Test-frame [98]. By 
converting the recorded load-displacement data into stress-strain data and plotting 
them in a stress-strain curve, the slop of the linear & small strain curve can be taken as 
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the elastic modulus [89, 99]. For hydrogels, the uniaxial testing is usually further 
complicated by the elasticity under large strains and the time-dependent deformation 
[89]. Therefore, creep or relaxation testing on hydrogels maybe required besides the 
typical fixed rate testing until specimen failure, especially when the difference in 
response with time is of interest [89].  
Here the compiled mechanical results for common hydrogels are summarised below: 
 
 
Table 2.2. Compiled mechanical poperty results for common hydrogels. 
Hydrogel  Composition  Testing method Testing 
parameters 
Results  Reference 
PAAm gels 
 
CAAm= 5 mol/L 
CBIS= 1 mol% of 
monomer 
Uniaxial 
compression 
Cross-head 
speed:  
1.0 cm−1 
Load cell: 100 N 
Elastic modulus 
E in the range of 
75-90 kPa 
[100] 
PAAm gels 
 
CAAm= 10 wt% of 
water 
CBIS= 0.05-10 wt% 
of monomer 
Uniaxial 
compression 
Deformation rate:  
10 mm/min 
Load cell:  
100 N and 5 N 
Elastic modulus 
E in the range of 
15-80 kPa 
Maximum E 
observed at 5-6 
wt% CBIS 
[101] 
Hydrophobic 
modified 
PAAm gels 
C(AAm+HM−x) 
= 5 wt/v% 
CHM−x= 0-10 mol% 
CBIS= 1/80 mol ratio 
to total monomer  
Uniaxial tensile Cross-head 
speed:  
50 mm/min 
Load cell: 500 N 
 
At HM-6, 
increasing NH 
from 9 to 30 
increased the 
elongation at 
break from 125 
to 250%; 
[102] 
PAAm gels 
 
20% acrylamide 
(w/v) 
19:1 acrylamide to 
bis-acrylamide ratio 
Microindentation 
& 
Nanoindentation 
Load-relaxation  
Nanoindentation: 
(Indenter tip:  
400 µm radius, 
aluminium. 
Ramp time: 5-10 s 
Hold time: 20-30 
s 
Microindentation: 
(Indenter tip:  
1.5 mm radius, 
steel. 
Ramp time: 10 s 
Hold time: 300 s) 
Equilibrium 
modulus: 0.37-
0.5 MPa 
Dashpot - 
associated 
modulus: 0.04-
0.08 MPa 
Elastic fraction: 
0.82-0.92 
Viscosity: 0.26-
10.5 MPa-s 
[103] 
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PAAm gels   CAAm= 1.8, 2.0, 2.5, 
3.0 wt% 
Crosslinker: 200 ppm 
chromium acetate 
 
 
Gelation and 
rheology 
measurements 
a Paar Physica 
rheometer UDS 
200, with a Z3 
DIN attachment; 
Oscillatory shear 
stress: 
0.04 Pa 
amplitude; 
0.1 Hz frequency; 
70 ℃ 
temperature; 
Up to 14 hours; 
Storage 
modulus G’: 
1.85-91.2 Pa; 
 
Loss modulus 
G’’: 
0.14-2.66 Pa; 
[96] 
PAAm gels CAAm=  
20% w/v or 30% w/v 
(w/v: measured in 
grams of solute per 
mL of solution) 
CPDA= 0.5%-3% w/v 
Nanoindentation 
and unconfined 
compression  
Compression: 
(Load cell: 10 N; 
Ramp load: 0.02 
mm/s; 
Displacement: 
0.01 mm;) 
Nanoindentation: 
(using a Hysitron 
TriboIndenter 
equipped with a 
100 µm diamond 
tip) 
Compression 
modulus 
obtained from 
compression: 
300 kPa- 1.4 
MPa 
 
Compression 
modulus 
obtained from 
nanoindentation 
100 kPa- 1.1 
MPa 
[104] 
PNIPAAm gels Molar ratio of 
monomer and 
initiator: 100:0.426 
Tensile 
measurement 
Sample length 
between jaws: 35 
mm 
Crosshead speed: 
100 mm/min 
OR gels were 
weak and 
brittle; 
Estimates of 
strength and 
elongation at 
break were 5 
kPa and 30 %; 
NC gels were 
tough and 
elongation can 
be 1000 %; 
tensile modulus 
were 0.84-26.1 
kPa  
[105] 
PNIPAAm gels 
 
Water/polymer 
ratio= 10:1 (w/w); 
NC1 
NC3 
NC5 
Tensile 
measurement 
- Tensile strength: 
41-109 kPa; 
 
Tensile 
modulus: 
1.5-9.9 kPa; 
 
[22] 
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PNIPAAm 
NC gels 
 
Molar ratio of 
monomer, initiator, 
and catalyst: 
100:0.426:0.735; 
Clay content: 
1× 10−2-25× 10−2 
mol/L  
Tensile 
measurement 
and 
compression  
test 
Tensile: 
Gauge length:  
30 mm; 
Crosshead speed: 
100 mm/min; 
Compression: 
Load cell: 50 N 
Compression 
speed: 0.5 mm/s 
Data rate: 0.1 s 
Tensile modulus 
of NC1-25: 10-
400 kPa 
Compression 
strength: 
increased with 
increasing clay 
content and 
reached 5 MPa 
at 80% strain for 
NC20 gels. 
[106] 
PAAm 
PDMAA 
PNIPAAm 
NC gels 
Monomer content: 5 
(w/v) 
Uniaxial 
compression 
Cylindrical gel 
samples were 
placed on a 
digital balance; 
 
Load was 
transmitted to gel 
through a rod; 
Measurements 
were conducted 
up to 15% 
compression 
Elastic modulus: 
 
PAAm gels: 1-4 
kPa 
PDMAA gels: 10 
kPa 
PNIPAAm gels: 
10 kPa 
 
 
 
[107] 
PDMAA 
NC gels 
Monomer content:  
1 mol/L 
Clay content: 
2.5-5.5 10−2 mol/L 
Tensile 
measurements 
Crosshead speed: 
100 mm/min; 
 
Sample length 
between jaws: 
35 mm; 
 
Initial cross 
section:   
23.75 mm2 
Tensile 
modulus: 
1.16-15.55 kPa 
 
Tensile strength: 
34.5-255.6 kPa 
Elongation(%): 
1319-1654% 
 
[108] 
PVA gel Synthesised through 
repeatedly freeze-
thawing; 
Water content: 
75% and 80%;  
Compressive and 
shear testing 
Compression: 
Strain rate: 
100%/min and  
1000%/min; 
The tangent slop 
was measured by 
calculating a line 
estimate at 10% 
increments from 
10-60% strain; 
 
Shear testing: 
75%/min and 
750%/min; 
Compressive 
modulus: 
1-18 MPa; 
 
Shear tangent 
modulus:  
0.1-0.4 MPa; 
 
Compressive 
failure occur 
between 45 % 
and 60 % strain; 
[109] 
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PHA/PDMAA 
DN gels 
First PHA network: 
Irradiating a 2% HA 
solution with UV 
light for 2 hours; 
Second PDMAA 
network: 
DMAA content:  
1,2,3,4, and 5 mol/L 
Crosslinker content: 
0,0.01,0.05,0.1,0.5,1, 
and 2 mol% of 
DMAA 
Uniaxial 
compression 
A screw-driven 
desktop loading 
frame; 
Strain rate: 
0.1%/min 
Compressive 
modulus was 
determined by 
the average slope 
in 0-10% strain; 
Fracture stress: 
Pure PHA:  
0.29 MPa 
D3-0.05: 
0.04 MPa 
PHA/D3-0.05: 
5.25 MPa 
Fracture strain: 
Pure PHA: 
56.1% 
D3-0.05: 78.4% 
PHA/D3-0.05: 
87.1% 
Compressive 
moduli: 
Pure PHA:  
0.045 MPa 
DN gels: 0.397-
0.508 MPa 
[110] 
PAMPS/PAAm 
CNTs 
reinforced DN 
gels 
First PAMPS network 
was swollen to 
balance in the 
presence of CNTs in 
acrylamide solution, 
then polymerised to 
form the second 
network. 
CNTs content: 
0,0.5,1, and 4 wt%; 
Uniaxial 
compression 
measurements 
- Compressive 
modulus: 
Neat DN gels: 
60 kPa 
CNTs filled DN 
gels: 93-280 kPa 
Fracture stress: 
Neat DN gels: 
19 MPa 
CNTs filled DN 
gels: 43-77 MPa 
[111] 
PAAm/PAAc 
DN NC gels 
First PAAm network: 
AAm content: 
0.4g/10 mL; 
Clay content:  
0-1.7g/10mL; 
Second PAAc 
network: 
BIS content: 
0.03,0.05, and 0.067 
wt% of AAc 
Uniaxial 
compression 
 
- Highest 
compressive 
stress:  
6.7-21.5 kPa  
 
 
 
 
 
 
 
[112] 
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2.4 Stimuli-sensitive hydrogels 
Stimuli-sensitive hydrogels are a specific group of “smart” hydrogels which can undergo 
abrupt volume-phase transitions in response to changes in their external environment [11, 
113]. To be specific, their swelling behaviour, permeability or mechanical strength will 
change dramatically in responses towards variations in the external parameters such as 
temperature, pH, solvent composition, pressure, and magnetic or electrical field [11, 29]. 
These stimuli-sensitive hydrogels can be applied  to a wide range of applications, such as 
biosensors, chemical valves, artificial membranes and advanced drug delivery systems [29]. 
Generally speaking, the responsive mechanism is based on the chemical structure of the 
polymer network (e.g., the functionality of chain side groups) [38]. Several commonly-
studied groups of stimuli-sensitive hydrogels are listed below. 
 
2.4.1 Temperature-sensitive hydrogels 
Temperature-sensitive hydrogels are one of the most widely studied systems and undergo a 
reversible volume-phase transition in response to environmental temperature changes [38]. 
They have a common feature in their chemical structures, which is the presence of 
hydrophobic groups, such as methyl, ethyl and propyl groups [12]. For convenience, 
temperature-sensitive hydrogels are classified as negative thermosensitive systems, positive 
thermosensitive systems [29], and thermally reversible gels [11]. A negative system has a 
lower critical solution temperature (LCST), below which the water-solubility is very high and 
gels swell upon lowering the temperature below LCST, whereas above which the water-
solubility is poor and gels tend to shrink or collapse upon heating above the LCST [29, 38]. A 
positive system has an upper critical solution temperature (UCST), above which the water-
solubility is very high, and such hydrogels contract upon cooling below the UCST [29]; Thus, 
volume-phase transition (VPT) will happen if either UCST or LCST is crossed during the 
temperature change. 
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Figure 2.15. Structures of some temperature-sensitive polymers. 
(A. PNIPAAm with LCST; B. Poly (N,N’-diethyl acrylamide) with LCST;  
C. Poly(NIPAAm-co-BMA)) 
 
(1) Negative temperature-sensitive systems with LCST 
Negative temperature-sensitive hydrogels have LCSTs, below which the enthalpy term 
relating to hydrogen bonding is responsible for hydrogel swelling, whereas above which the 
entropy term of hydrophobic interactions dominates and leads to polymer contraction [11]. 
Some of the earliest work with temperature-sensitive hydrogels was done around PNIPAAm 
by Tanaka [114]. PNIPAAm is a typical example of a negative temperature-sensitive system 
with a LCST of around 32℃ [115]. It was also reported that the LCST of PNIPAAm could be 
controlled by copolymerisation with other monomers [29, 116]. The addition of hydrophilic 
monomers usually increases the LCST whereas the addition of hydrophobic monomers has 
the opposite effect [117]. For example, the LCST can be increased up to about 45℃ when 18% 
acrylamide (AAm) is incorporated in the polymer while the addition of 40% hydrophobic N-
tert-butyl acrylamide (N-tBAAm) can reduce the LCST to 22℃ [118]. It is worth noticing that 
the temperature-dependent swelling behaviour is more pronounced in the graft copolymers 
than in random copolymers containing the same portions of stimuli-sensitive components 
due to structure homogeneity [29, 119]. Other polymers that show LCSTs include poly(N,N’-
diethyl acrylamide) (LCST 26-35℃ [12]), poly(dimethylamino ethylmethacrylate) (LCST≈50℃) 
[120], and poly(N-CL)- 1-hydroxymethyl) propylmethacrylamide (LCST≈30 ℃ ) [121]. 
Negative temperature-sensitive hydrogels with LCSTs are widely used in controlled drug 
delivery for highly sensitive therapeutic agents such as calcitonin [122] and streptokinase 
[123]. 
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(2) Positive temperature-sensitive systems with UCST 
Positive temperature-sensitive systems show UCSTs, above which the water-solubility is 
very high, and such hydrogels contract upon cooling below the UCST [29]. Examples of 
positive thermosensitive hydrogels include PAAc, PAAm, and poly(acrylamide-co-butyl 
methacrylate) [15]. Certain hydrogel interpenetrating network systems (IPNs) also show 
positive thermo-sensitivity---swelling at high temperatures and contracting upon cooling 
below UCST [12]. For example, IPNs formed by PAAc and PAAm or poly(acrylamide-co-butyl 
methacrylate) show positive temperature dependence of swelling [124]. The increasing of 
the butyl methacrylate content was reported to shift the transition temperature to a higher 
value [12]. Examples of applications of these UCST system is mostly controlled drug delivery, 
such as the release of ketoprofen from a monolithic device [12]. 
 
(3) Thermally reversible systems 
If the polymer chains in hydrogels are not covalently cross-linked, temperature-sensitive 
hydrogels will undergo sol-gel phase transitions instead of swelling-shrinking transitions [12]. 
These systems are generally termed as thermally reversible systems, and consists of mostly 
ABA type triblock copolymers of poly(ethylene oxide) (PEO) (A) and poly(propylene oxide) 
(PPO) (B) units [12, 116], which are commercially known as Pluromics, Tetronics, and 
Poloxamer [11, 12]. To add biodegradability, the PPO segment of PEO-PPO-PEO could be 
replaced by poly(L-lactic acid) [12]. These thermally reversible systems undergo sol-to-gel or 
gel-to-sol transitions as temperature increases monotonically [29]. An idea system used in 
drug delivery application is a free-flowing solution (sol) that can be injected at room 
temperature, and becomes a gel at elevated body temperature [29]. For instance, 
Poloxamer 407 (Pluronic F127) was reported to gel at a concentration of 20 wt% at 25 ℃ . At 
room temperature (< 25℃) the solution is a viscous liquid, while it becomes a semi-solid 
transparent gel at body temperature (37 ℃ ). Other similar systems include triblock 
copolymers such as poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid)-b-
poly(ethylene glycol) (PEG-PLGA-PEG) [125], and poly(D,L-lactic acid-co-glycolic acid)-b-
poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid) (PLGA-b-PEG-b-PLGA) [126].  
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Figure 2.16. Chemical structures of commercial products Pluronics and Tetronics [12]. 
 
The gelation mechanism of thermally reversible hydrogels has been widely investigated, yet 
still subject to some debate. One possible explanation is the micelle formation theory [116]: 
these thermally reversible block copolymers are generally amphiphilic and yield micelles in 
aqueous solutions with hydrophilic outer shell and hydrophobic inner core [116]. The 
gelation occurs via a micelle aggregation mechanism in which the formation of a highly 
ordered crystalline phase acts as the driving force [116, 127, 128] and the hydrophobic 
interactions between core phases lead to micelle entanglements [116, 129]. It is also 
reported that the gelation temperature (the gelling point) depends on the hydrophobic 
proportions in the block copolymer. Increasing the hydrophobicity of the copolymer (e.g., 
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increasing PLGA proportions) usually results in a lower gelling point and a lower required 
solution concentration [130].  
 
2.4.2 pH-sensitive hydrogels 
(1) Polyelectrolytes and the ionization process 
Neutral polymers 
 
  
Anionic polyelectrolytes 
 
Cationic polyelectrolytes 
 
Figure 2.17.  Chemical structures of some neutral and ionic polymers [38]. 
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A polyelectrolyte is a macromolecule that dissociates to give polymeric ions on dissolving in 
water [10]. In terms of chemical structure, a polymer can be either neutral or ionic, as can 
be seen in Figure 2.17. .  
Most pH-sensitive polymers are ionic polyelectrolytes that contain a large number of 
ionisable pendant groups. These acidic (e.g. carboxylic and sulfonic acids) or basic (e.g. 
ammonium salts) ionisable pendant groups can either accept or release protons in response 
to changes in environmental pH [11, 12, 131]. This process is well known as the ionization 
process. As can be seen below, anionic polyelectrolytes such as poly(acrylic acid) (PAAc) 
become ionized at high pH while cationic polyelectrolytes such as poly(N,N’-
diethylaminoethyl methacrylate) (PDEAEM) become ionized at low pH [12]. The ionization 
process of polyelectrolytes usually results in the development of fixed charges on the 
polymer chain [132]. Due to the electrostatic repulsions generated between charges on the 
polymer backbone, the polymer chain expands and becomes more hydrophilic upon 
ionization in a suitable solvent [11, 133].  On the other hand, a poor solvent of a wrong pH 
will result in a compact chain configuration [133]. Besides, the degree of ionisation of a 
weak polyelectrolyte is dependent on the pH and the ionic composition of the solution [10]. 
 
Figure 2.18. Examples of anionic and cationic polyelectrolytes and their pH-dependant 
ionization process [12]. 
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(2) pH-sensitive hydrogels 
Generally speaking, pH-sensitive hydrogels are cross-linked polyelectrolytes that exhibit big 
differences in swelling properties depending on the environmental pH [12]. Hydrogels 
exhibiting pH-dependent swelling behaviour consist of ionic polymer networks [134, 135] 
that contain either acidic or basic pendant groups [132], which undergo ionization in the 
same way  as their corresponding monoacids or monobases do [12]. Similarly, the ionization 
process leads to fixed charges and electrostatic repulsions on the polymer backbone [132, 
134], which results in chain expansion and an increase of hydrophilicity [29, 136]. Hence the 
water uptake of the hydrogel is enhanced, which results in greater equilibrium swelling 
ratios of the hydrogel upon ionisation [29].  
Similar to polyelectrolytes, pH-sensitive hydrogels could be grouped into three main classes: 
(i) anionic hydrogels; (ii) cationic hydrogels [11]; (iii) amphiphilic hydrogels [137]; For anionic 
hydrogels that contain acidic pendent groups like carboxylic or sulfonic acid, ionization 
occurs when the environmental pH is above the pKa of their ionisable groups [138]; For 
cationic hydrogels such as poly(N,N’-diethylaminoethyl methacrylate) (PDEAEM) that 
contain basic pendent groups, the ionization occurs when the environmental pH value is 
below their pKb [139]. Therefore, anionic hydrogel becomes increasingly hydrophilic [140] 
and swell to an increased level in a high pH environment while cationic hydrogels behave 
conversely [138, 140].  
Figure 2.19 illustrates the swelling behaviour of these three pH-sensitive polyelectrolyte 
hydrogels. As can be seen in the figure, both anionic/acidic hydrogels and cationic/basic 
hydrogels experience a single volume-phase transition as their pKa or pKb is crossed by the 
environmental pH. Amphiphilic hydrogels that contain both acidic and basic pendent groups, 
however, experience two separate volume-phase transitions [137]. Since the swelling of 
polyelectrolyte hydrogels are basically due to the electrostatic repulsion among charges 
present among the polymer chain [132, 141], the degree of ionisation and hydrogel swelling 
are influenced greatly by factors such as the number of ionic pendent groups present [11], 
the environmental pH values [140], the type of counter ions present [141], and the ionic 
strength of the aqueous medium [140, 142].  
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Figure 2.19. Volume-phase transitions of anionic/acidic hydrogels (red), cationic/basic 
hydrogels (blue), and amphiphilic hydrogels (contain both acidic and basic groups) 
(green) [137]. 
 
It is worth mentioning here the influence of the ionic strength on the swelling of 
polyelectrolyte hydrogels is not monotonic. At low ionic concentrations, the increase of 
ionic strength in the swelling solution will lead to ion exchange between the hydrogel and 
the solution, thereby the hydrogel maintains its charge neutrality by increasing the 
concentration of free counter ions inside its network [11]. Hence the hydrogel swell due to 
the re-balance of the osmotic pressure [141]; however if the ionic concentration reaches a 
high level (1-10M), the polyelectrolyte hydrogel will shrink due to the increased gel counter 
ion interaction and the decrease in the osmotic swelling force [11, 141].  
pH-sensitive polyelectrolyte hydrogels have been used most frequently in the controlled 
drug delivery systems upon oral administration due to the difference in pH between in the 
stomach and in the intestine [12]. For example, microparticles of poly (methacrylic acid-g-
ethylene glycol) P(MAA-g-EG) loaded with insulin can form inter polymer complexes in acidic 
environments while releasing the drug in neutral or basic environments [143]; semi-
interpenetrated network (semi-IPN) of cross-linked chitosan and poly(ethylene oxide) (PEO) 
exhibits more swelling under acidic conditions (in the stomach), which is ideal for localised 
delivery of antibiotics such as amoxicillin and metronidazole [144].  
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Figure 2.20. The influence of ionic strength on the swelling of polyelectrolyte gels [11]. 
 
2.4.3 Other stimuli-sensitive hydrogels 
Several stimuli, other than the widely used temperature and pH stimuli, have also been used 
for making environmentally sensitive hydrogels. These include physical stimuli, such as 
pressure [145], light [146], magnetic field [147], electric current [148], and ultrasound [149], 
and chemical stimuli, such as specific ions [150], certain chemical substances and biological 
compounds [151].  
Pressure-sensitivity appears to be a common feature for temperature-sensitive hydrogels 
such as PNIPAAm due to the change of critical solution temperatures induced by 
environmental pressure changes [12, 152]. For example, the swelling degree of PNIPAAm 
gels was reported to increase at higher pressure due to an increase of the LCST value [145];  
Light-sensitive hydrogels can be separated into UV-sensitive and visible light-sensitive 
hydrogels [12], and they have potential applications in developing optical switches and 
display units. UV-sensitive hydrogels involve the incorporation of a leuco derivative 
molecule, bis (4-dimethylamino) phenylmethyl leucocyanide, into the polymer network 
[153]. Upon UV irradiation, ionization occurs and the resulting cyanide ions would lead to an 
increase of the osmotic pressure inside the gel and subsequent swelling. Visible light-
sensitive hydrogels are prepared by incorporating a light-sensitive chromophore (e.g. tri-
sodium salt of copper chlorophyllin) to PNIPAAm gels [154]. Upon exposure to visible light, 
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the chromophore absorbs light and then dissipates heat, increasing the local temperature of 
the hydrogel and triggering its thermosensitive behaviour [12, 154].  
Most electric-sensitive hydrogels are polyelectrolytes similar to pH-sensitive hydrogels [11, 
12]. Under the influence of an electric field, electric-sensitive hydrogels generally de-swell or 
bend depending on the shape and orientation of the gel [11]. Usually the hydrogel bends 
when it is parallel to the electrodes, whereas de-swelling happens when it lies perpendicular 
to the electrodes [11]. The mechanism behind electro-sensitivity was reported to be the 
uniaxial stress gradient exhibited along the gel axis caused by charges on both the mobile 
counter ions and the immobile charged polymer pendent groups [155]. Applications of 
electro-sensitive hydrogels include artificial muscles and actuators [156], due to their ability 
to convert chemical energy to mechanical energy [12].  
Several groups of hydrogels have been reported to be responsive to specific ions [12]: 
Chloride ions were found to influence the LCST of PNIPAAm gels, and this behaviour could 
be applicable to making chloride ion-sensitive biosensors [12, 157]; It has also been 
reported that the concentration of sodium iodide shows strong influence on the phase 
transition behaviour of positively charged poly(diallyldimethylammonium chloride) 
hydrogels, which could be explained by ion pairing and the multiple theory [158];  
It has also been reported that hydrogels can be engineered to exhibit response towards 
specific proteins: The work done by Miyazaki et.al [151] reported an antigen-responsive 
semi-interpenetrating network system based on PAAm gels [29, 151]. It consists of a cross-
linked PAAm grafted with antigen and a linear PAAm grafted with a corresponding antibody 
[159]. Thus, a reversible shrinking/swelling process can be expected due to the presence of 
a free antigen in the environment and the intra-chain antigen-antibody binding in the 
polymer network [12, 159]; In addition, the work done by Suzuki et.al [160] proposed a 
novel kind of PVA gel with thrombin-induced infection-response [161]. In their research, 
antibiotics such as gentamycin [162] were chemically attached to the polymer backbone via 
thrombin-sensitive peptide linkers [161], and can be released from the hydrogel only in the 
presence of infection [160, 162]. Hence, this novel hydrogel can be used as a wound 
dressing with infection-responsive controlled release of antibiotics [29, 162].  
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2.5 Hydrogels with reinforced mechanical properties 
As mentioned before, hydrogels are swollen polymeric networks that have definite shapes 
and do not flow. Water molecules can diffuse into the gel network and lead to subsequent 
swelling [163]. This solid/liquid behaviour of hydrogels is resulted from the presence of 
cross-links, which can be either chemically or physically formed. Both the cross-linking 
density and the intrinsic flexibility of polymer chains determine the mechanical properties of 
hydrogels [4, 163]. The application of hydrogels in load-bearing devices is often limited due 
to the lack of mechanical properties such as strength, toughness, and elongation [163-165]. 
It has been reported that the fracture energy of typical hydrogels falls in the range 
10−1 − 100 J/ m2 [166], which is much smaller than common rubbers [167].  
For conventional hydrogels, there are various factors resulting in the poor mechanical 
properties [163]: (i) inhomogeneous cross-linking density distribution [168]; (ii) different 
polymer chains length between the cross-linking points (inhomogeneous inter-crosslinking 
molecular weight) [169]; (iii) lack of energy dissipation mechanism to stop the crack from 
propagation [170]. Structural inhomogeneity is a common feature of conventional hydrogels, 
and it results from the random aggregation of cross-linking points [163]. During hydrogel 
formation, the difference in the reactivity between monomers and cross-linkers leads to the 
prior formation of more densely cross-linked regions and subsequent formation of more 
loosely cross-linked regions [18, 171]. Hence, a broad distribution of inter-cross-linking chain 
length is always expected in conventional hydrogels [172]. When stress is applied, the 
weakest link will break, thereby reducing the overall mechanical strength [163, 173]. A 
variety of approaches have been proved successful, such as improvement of the network 
homogeneity [19, 171], the freedom of cross-linking points [19], and the flexibility of 
polymer chains, as well as introducing new energy dissipation mechanisms into the polymer 
network. Here, some pioneering work fabricating hydrogels with tough and strong 
mechanical properties are reviewed, highlighting their design concept, network features, 
and their reinforcing mechanisms [163].  
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2.5.1 Tetra-poly(ethylene)glycol (Tetra-PEG) gel 
 
Sakai et al. reported a homogeneous tetra-PEG gel formed by combining two symmetrical 
tetrahedron-like macromonomers of the same size [171]. As can be seen in Figure 2.21, 
each monomer consists of a four-arm poly(ethylene glycol) (PEG) macromere and a terminal 
functional group of either an amine (TAPEG) or succinimidyl ester (TNPEG) [171]. Therefore, 
a homogenous 3D tetrahedron-like network can be achieved through the formation of 
amide bonds as a result of end coupling reactions between the two monomers [174]. 
Despite the presence of some topological defects such as entanglement [175], these 
engineered gels exhibit high mechanical strength almost comparable to that of native 
articular cartilage [171]: a compression strength of 2.5 MPa and a compression modulus of 
40 kPa [174].   
 
Figure 2.21. Schematic illustration of Tetra-PEG gels [171].  
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2.5.2 Click chemistry-based gel 
 
Synthesizing homogeneous hydrogel networks via ‘click chemistry’ is a similar strategy to 
Tetra-PEG gels [163]. ‘click chemistry’ is a term introduced by K.B. Sharpless in 2001 to 
describe chemical reactions that are high yielding, stereo specific, and joining specific 
functional groups or molecules [176]. There are several types of reactions that could be 
categorised as ‘click chemistry’-based, such as nucleophilic ring opening reactions of 
epoxides and aziridines, formation of hydrazones and heterocycles, and oxidative formation 
of epoxides [177]. For example, the work done by Dmitri A. Ossipov et al. synthesised PVA 
gels through the copper(I)-catalyzed azide−alkyne cycloaddition (CuAAC) process  [177, 178], 
in which the two components of PVA functionalized with either pendant acetylene or azide 
groups were first prepared by carbonyldiimidazole (CDI)-mediated couplings of the various 
amines [178, 179]. Then, the two PVA components were mixed in solution and formed 
1,2,3-triazole cross-links through coupling reactions in the presence of a Cu(I) catalyst [179]. 
Thus, a uniformly cross-linked network with improved mechanical proeprties was achieved 
[163, 180]. It was reported that the obtained hydrogels can withstand a elongation up to 
1550% and a tensile strength of 2.39 MPa, attributing to their well-defined and 
homogeneous network architectures [180]. In this click-chemistry approach of hydrogel 
network design, the unreacted terminal groups can be used to incorporate various 
functional groups into the hydrogel network without affecting its formation [163], thereby 
leading to more design possibilities.  
 
Figure 2.22. Schematic illustration of copper(I)-catalyzed azide−alkyne cycloaddition (CuAAC) 
click-chemistry [177]. 
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2.5.3 Topological (TP) gel 
 
First presented by Okumura in 2001 [181], a topological (TP) gel features figure-of-eight 
cross-linking points that can slide along the polymer chains [182]. The original model is a 
polyrotaxane molecule, in which the long polymeric back bone and the bulky end groups are 
threaded and trapped with numerous 𝛼-cyclodextrin (𝛼-CD) circles [183, 184]. Then, pairs of 
𝛼-CDs can be chemically cross-linked through the action of cyanuric chloride, resulting in 
figure-of-eight cross-links [182]. Therefore, the polymer chains are neither covalently cross-
linked like chemical gels nor attractively interacted like physical gels, but are topologically 
interlocked by figure-of-eight cross-links [185]. As a result, the sliding feature of these 
figure-of-eight cross-links allows TP gels to distribute tension evenly among the polymer 
chains [184], and minimise the local strain through the ‘pulley effect’ [181]. It was reported 
that the ‘pulley effect’ can reduce spatial inhomogeneities inherent in hydrogels significantly, 
and TP gels can bear extensions up to 20 times their original length [185, 186]. 
 
 
 
Figure 2.23. Schematic of the chemical figure-of-eight cross-linking in a topological gel [182].  
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2.5.4 Nanocomposite (NC) gel 
 
As mentioned before, conventional polymeric hydrogels are usually prepared using organic 
cross-linkers (OR gels) [172], and their network structures generally suffer from defects such 
as random distribution of cross-links [22], low average and broad distribution of chain 
lengths between cross-linking points [108, 172], and the inability to control the cross-linking 
density v  (number of cross-linked chains per unit volume) and the inter-crosslinking 
molecular weight Mc  (the chain length between cross-linking points) independently 
( v ∝ Mc
−1 ) [22]. In addition, structural inhomogeneity due to the heterogeneous 
aggregation of cross-linking points always takes place when the concentration of the cross-
linker is high [22, 105]. Therefore, chemically cross-linked OR gels often exhibit weaknesses 
such as optical opacity [22], mechanical weakness & brittleness [172, 187], and low 
swelling/de-swelling rate [22, 188].  
In the recent decades, the incorporation of nanostructures into the polymer matrix has 
become an increasingly popular research interest [163, 189], and polymer nanocomposites 
consisting of organic polymer and inorganic nanoparticles have been widely investigated 
[190-192]. Despite the wide variety of inorganic particles (e.g. silica, carbon nanotubes, 
titania, clay) [193, 194], they are usually used in their organic modified form at limited 
amount (<10%) to improve their dispersion in the polymer matrix [172, 193]. By extending 
the concept of ‘organic / inorganic nanocomposite’ into the field of polymeric hydrogels 
[172], Haraguchi proposed a novel nanocomposite hydrogel (NC gel) consisting of polymeric 
chains (organic) and clay nanosheets (inorganic) in 2002 [108, 195]. In his research, NC gels 
were prepared by first exfoliating inorganic clays in an aqueous solution [108, 196], then in-
situ free-radical polymerisation of organic monomers was thermally initiated on the clay 
surface [108, 163], thereby fixing clay nanosheets in their well-dispersed state [197, 198]. 
Attempts to prepare NC gels through other approaches, such as the use of both clay and an 
organic chemical cross-linker [188, 199] or mixing clay and polymer solutions [198], have 
been reported unsuccessful.  
Clay minerals in the smectite group (e.g., hectorite, montmorillonite), as well as their 
various modifications (e.g., by fluorination or addition of pyloric acid) [188], were reported 
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to be effective as the inorganic component for NC gels, providing that they can be exfoliated 
and swollen in water [172, 188, 197]. Non-swellable clay minerals (e.g., sepiolite [200]) as 
well as clay minerals of larger sizes (>300 nm, e.g., natural montmorillonite) have been 
proved unsuccessful as the inorganic component [188, 201].  
Among these clay minerals, the synthetic hectorite ‘Laponite XLG’ has been found the most 
effective [172, 202] due to its high degree of swelling and exfoliation, small sheet size (a 
diameter around 30 nm and 1 nm in thickness) [203], and good interaction with the polymer 
[204]. As can be seen from Figure 2.24 below, the 2:1 layered structure of Laponite XLG 
consists of two tetrahedral silica sheets sandwiching a central octahedral magnesia sheet 
[205], with a reported formula of [Na0.66Mg5.34Li0.66Si8O20(OH)4] [206, 207]. On the other 
hand, the polymer components of NC gels are mostly water-soluble polymers containing 
amide groups, such as PNIPAAm, PDMAA and PAAm.  The presence of amide groups in these 
polymers leads to adequate interaction with the hydroxyl groups on the clay surface [172, 
188], thereby making the intercalation of polymer chains in between the clay sheets much 
easier. Other monomers that contain carboxyl, sulfonyl, or hydroxyl groups can be used 
alone or as co-monomers [188, 208].  
 
 
Figure 2.24. Idealised structural formula of Laponite [207]. 
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Instead of using organic chemical cross-linkers like OR gels, or the organic modified clay 
minerals like traditional polymer nanocomposites, NC gels use inorganic clay nanosheets 
which act as multifunctional cross-linkers through noncovalent (ionic and coordination) 
interactions with the polymer chains (hydrogen bonding between amide side groups on the 
polymer and Si-OH, Si-O-Si units on the clay surface) [108, 163, 172]. This multifunctional 
cross-linking nature indicates the attachment of several individual polymer chains on the 
surface of each clay nanosheet [163, 209], as well as the multiple locations along a polymer 
chain that interact with the clay surface [105, 198]. Moreover, the polymer chains in NC gels 
are long and flexible [105], adopting random coiled confirmations between clay sheets [22, 
188].  
Compared to OR gels, NC gels have been reported to exhibit superior optical, mechanical, 
and swelling properties [108, 172, 188], and these properties can be controlled easily by 
altering the initial reaction composition [108] [172]. High levels of optical transparency can 
be achieved in NC gels regardless of clay content as long as clay nanosheets are sufficiently 
exfoliated and homogeneously dispersed in the reaction solution [22, 172]. Large elongation 
without break (> 1000%) can be achieved due to the planar cross-linking nature and the 
flexibility of polymer chains in NC gels [108, 182]. NC gels exhibit a high degree of 
equilibrium swelling [105] and the unusual appearance of a maximum in the swelling curve 
[210], due to the rearrangement of the stacked clay sheets and the unwinding of the 
entangled polymer chains during the course of swelling [210]. 
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2.5.5 Double network (DN) gel 
 
Conventional single network hydrogels often exhibit weak mechanical properties and slow 
swelling/de-swelling response towards stimuli [211], whereas the incorporation of a second 
network to form a multicomponent structure has been proved a successful enhancement 
strategy [211]. Interpenetrating polymer networks (IPNs) have gained significant attention 
in the last two decades [212-214]. In definition, IPNs are alloys of two polymer networks 
[211, 212], at least one of which is polymerised in the immediate presence of the other 
[215]. Although there are not any covalent bonds between the two individual polymers, 
their interpenetrated structure cannot be separated without the breaking of chemical bonds 
[215]. According to the synthesis procedure, IPNs can be classified into: (i) simultaneous 
IPNs [216], in which the two networks are synthesised at the same time through 
independent and non-interfering routes such as chain and stepwise polymerisation [211, 
213]; (ii) sequential IPNs, in which a first network is synthesised and allowed to swell in the 
presence of the reaction mixture (containing monomer, initiator, with or without a cross-
linker) of a second network [211]; According to the network composition, IPNs can be 
classified into full-IPNs (both networks are cross-linked) or semi-IPNs (linear polymer 
embedded within the other network) [100, 211, 217-219]. According to the source of the 
polymers, IPNs can be either based on natural origin polymers such as sodium alginate [220-
224] and chitosan [218, 225-228], or synthetic polymers containing hydrophilic functional 
groups such as PEG [229], PAAm [100, 219, 230-234], PVA [45, 217, 235-238], and PDMAA 
[110]  
 
Figure 2.25. Schematic representation of IPN formation (a) simultaneous strategy (b) 
sequential strategy [211]. 
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In recent decades, a specific group of IPNs under the term of ‘double network’ (DN) has 
been increasingly popular in the field of soft materials [239-241]. The idea of the ‘double 
network’ comes from rubber elasticity [19], and it features two individual hydrogel networks 
exhibiting sharp contrast [242] in inherent properties such as network charges, polymer 
rigidity, molecular weight, cross-linking density, and polymer density [239, 240, 243]. To be 
specific, the minor component (lower polymer density) is a highly cross-linked 
polyelectrolyte (rigid skeleton), while the major component (higher polymer density) is 
often a loosely or not cross-linked neutral polymer (ductile substance) [19, 244].  
The mechanism behind DN gels is the two distinguished roles played by either component. 
The polyelectrolyte first network serves as a rigid scaffold template to hold the hydrogel in 
shape [239] and sacrifice itself at initial small deformation [19], while the neutral flexible 
polymers of the second system fill up the network space and provide an energy dissipation 
route for large deformations [19]. Thus, DN gels are usually prepared in a two-step 
sequential free-radical polymerisation process [239, 245]. The rigid and brittle 
polyelectrolyte network is firstly synthesised and serves as a template [239, 246], and it is 
then allowed to swell in the reaction mixture of the second network (monomers, initiator, 
with or without cross-linker) [239, 240]. It is worth mentioning here that the polymer 
density of the second network is much larger than the first one (the molar concentration of 
the second network is usually 20-30 times the first) [239] due to the adequate swelling of 
the first network and the good diffusion of the second monomer [240]. Afterwards, the 
polymerisation and cross-linking of the second polymer component takes place in the 
template of the first, resulting in a so-called double network structure [239].   
It has been reported that DN gels prepared under suitable conditions from various polymer 
pairs can achieve dramatically enhanced mechanical properties than that of the individual 
component [239, 244], such as hardness (elastic modulus of 0.1–1.0 MPa) [247, 248], 
strength (failure tensile nominal stress 1–10 MPa, strain 1000–2000%; failure compressive 
nominal stress 20–60 MPa, strain 90–95%) [19, 240], and toughness (tearing fracture energy 
of 100-1000 J/m−2 [19, 244]). These excellent mechanical properties have been reported to 
originate from a synergistic effect of the two components rather than a linear combination 
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like IPN systems or fibre-reinforced hydrogels [244, 249], and are comparable to those of 
rubbers [244] and some load-bearing human tissues [244, 247]. Several groups have 
reported achieving excellent enhancement of mechanical properties [110, 247, 250, 251] as 
well as stimuli sensitivities [252-254] through the use of double network concept. Currently, 
the optimal example of DN gel is the combination of poly(2-acrylamido,2-methyl,1-
propanesulfonic acid) (PAMPS) polyelectrolyte and PAAm neutral polymer [239, 240, 244], 
proposed in 2010 by Gong, J.P. et al. [19, 239, 240, 244, 247]. The negatively charged 
PAMPS is used as the first network component and the neutral PAAm is used as the second 
[19]. Compared with traditional PAMPS and PAAm hydrogels, the mechanical properties of 
PAMPS/PAAm DN gels exhibit a synergistic effect of the two components and are 
dramatically enhanced [244], as can be seen from the graphs below.  
 
  
Figure 2.26. Image of a tough PAMPS/PAAm DN gel resisting the cut of a blade [19]. 
 
Figure 2.27. Compressive stress-strain curves for a PAMPS/PAAm DN gel, a PAMPS gel, and a 
PAAm gel [19, 240]. 
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It was reported that in an optimised composition such as PAMPS-4%/PAAm0.1% [240], 
PAMPS/PAAm DN gel was able to exhibit a compressive fracture strength of 17.2 MPa [19, 
240], a fracture strain at 92% [240], despite the poor fracture strength and fracture strain of 
individual PAMPS and PAAm hydrogels. In addition, the two crucial requirements for 
obtaining mechanically strong DN gels should be emphasized here [240]: (i) the strength of 
DN gels is dramatically enhanced when the molar ratio of the second network to the first 
one increases, as shown in Figure 2.28 below; and  (ii) the cross-linking density of the 
second network should be low enough (< 0.1 mol%) to achieve excellent fracture strength 
and strain [19, 240, 244], and the incorporation of a more tightly crosslinked second 
network will lower the mechanical strength of DN gels substantially [240, 244].  
 
 
Figure 2.28. Effect of the molar ratio of the 2nd to the 1st network on the mechanical 
strength of PMAPS-4-1/PAAm-x2-0.1 DN gels, with x2 being the monomer concentration of 
the 2nd network ranging from 0 to 5 (0 is for single network gel) [240]. 
 
Furthermore, the fracture behaviour and the fundamental toughening mechanism of 
PAMPS/PAAm DN gels have been studied through systematic loading and unloading 
experiments [244, 255], as well as a tearing test of a trouser-shaped sample with a pre-
existing crack [239]. As can be seen from Figure 2.29, the large and velocity-dependent 
hysteresis observed in the first loading cycle disappeared in the second loading cycle [255], 
indicating the fracture of covalent bonds in the first network [244, 255]. As can be seen from 
Figure 2.30, the observance of a damaged zone (yielding zone) [256, 257] on the crack tip of 
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a DN gel indicates energy dissipation through the entanglement of the ductile PAAm chains 
around the fractured PAMPS clusters [239, 244, 256]. Therefore, the toughening mechanism 
is attributed to role of sacrificial bonds [255, 256] played by the first brittle PAMPS network, 
and the subsequent energy dissipation through the stretching and entanglement of PAAm 
chains [239, 244, 257].  
 
 
Figure 2.29. Successive compression loading cycles of a PAMPS/PAAm DN gel [244]. 
 
 
Figure 2.30. Observance of a damaged zone on the crack tip of DN gels [239, 244].  
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2.6 Applications of hydrogels 
Polymeric hydrogels have been widely applied in a variety of applications across biological 
[38], pharmaceutical and agricultural fields. The recent developments in the applications of 
advanced hydrogels are reviewed in the following, high lighting their design principles and 
their choice of the hydrogel system. 
 
2.6.1 Controlled drug delivery 
In today’s therapeutic applications, the precise control over a drug’s release time, rate and 
target area is highly desirable [258], and hydrogels have been widely used as intelligent 
carriers in controlled drug delivery systems due to the ‘triggering’ feature of their 
swelling/de-swelling behaviour in response to various environmental stimuli [38, 259]. The 
applications of environmental-sensitive hydrogels such as temperature- [260] and pH-
sensitive hydrogels have been widely reported in literature [261, 262]. Recent advances in 
the controlled drug delivery field have been focusing on goals such as improving the 
molecular recognition [263, 264] and the biodegradability [265] of the drug carrier [266, 
267]. For example, the enhanced biodegradability of β-cyclodextrin-grafted carboxymethyl 
chitosan hydrogels (CD-g-CMCs) used in the controlled release of Aspirin [268], as well as 
the selective adsorption of Lysozyme and Cytochrome c using a PEG-based hydrogel system 
through response towards pH stimuli [269].  
 
2.6.2 Tissue engineering 
Tissue engineering has become an increasingly popular topic in the regenerative medical 
field nowadays [270, 271]. Basically, it means to replace, repair, or regenerate tissue or 
organ function and to create artificial tissues and organs for transplantation [38]. The 
general approach of tissue engineering is through the use of scaffolds to provide support for 
cell adhesion and proliferation [272, 273], and polymeric hydrogels are viewed as suitable 
scaffold materials [274] due to their high water content, biocompatibility [38], and ease to 
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process. It has been reported that a homogeneous distribution of cells in the hydrogel 
scaffold can be achieved by adding cells prior to the gelation process [38]. Both naturally 
occurring and synthetic hydrogel system have been used in the field of tissue engineering 
[275-277]. Examples include the development of a cellularly degradable hydrogel based on 
peptide and protein-functionalised PEG for enhanced cartilage tissue engineering [278]. The 
recent research interests in tissue engineering focus on novel scaffold preparation routes 
such as UV-induced polymerisation of hydrogels [279, 280]. For instance the development 
of UV-crosslinked poly(ethylene glycol)diacrylate / poly(dimethylsiloxane) dimethacrylate 
(PEGDA/PDMS-MA) hydrogels used as scaffolds with excellent tailored properties [281]. 
 
2.6.3 Sensing applications 
Due to the ability of converting chemical energy into mechanical energy, stimuli-sensitive 
hydrogels have been widely applied as valuable tools for sensors and diagnostics [15, 282, 
283] . Basically, a sensor is a device that receives and respond to signals and stimuli from the 
environment [15, 284]. As mentioned previously, stimuli-responsive hydrogels undergo a 
volume-phase transition in response to various stimuli such as pH, temperature, specific 
ions [285], electric signal [286], or light [287] due to their abrupt change in the network 
structures (swelling/de-swelling, collapse/dissolving) [15]. The response rate of hydrogel 
sensors has been reported to depend on the hydrogel cross-linking density [288], the pore 
size, and the number of functional groups present [287]. The recent design interest in 
hydrogel sensing applications involves the incorporation of various functional groups [283, 
289] in the network structure, so that novel and tailored properties can be introduced into 
sensors. One of the examples is the development of a DNA biosensor using carboxyl groups-
functionalised poly(N-isopropylacrylamide-co-acrylic acid) (poly(NIPPAm-co-AAc)) hydrogels 
[290].  
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3. Chapter 3 Experimental 
3.1 Materials 
N,N’-dimethylacrylamide (DMAA) and acrylamide (AAm) were chosen as the main 
monomers for hydrogel synthesis due to their neutral network charge and ease of 
preparation. DMAA (99%, contains 500 ppm monomethyl ether hydroquinone as inhibitor) 
was purchased from Sigma Aldrich Ltd, and it appears as a colourless liquid. AAm (analytical 
standard grade, neat form) was also purchased from Sigma Aldrich Ltd, and it appears as 
white powder. In addition, ionic monomer acrylic acid (AAc) was introduced as the third 
monomer to investigate the influence of network charges on the properties of double 
network hydrogels. AAc (99%, anhydrous grade, contains 200 ppm monomethyl ether 
hydroquinone as inhibitor) was purchased from Sigma Aldrich Ltd, and it appears as a 
colourless liquid.  
Analytical grade N,N′-methylenebis(acrylamide) (BIS-acrylamide) was purchased from Sigma 
Aldrich Ltd, and it appears in a white powdered form. BIS-acrylamide was used as the 
chemical cross-linker, and it could polymerise with acrylamide and create cross-links 
between linear chains to form a cross-linked network for gel synthesis. Gel forming grade 
Laponite XLG clay was a gift from Rockwood Ltd, and it appears as white powder. Laponite 
XLG clay was used as the physical cross-linker for gel synthesis. It is a colloidal layered 
silicate manufactured from mineral source, and often used as a rheology modifier.  
1-Hydroxy-cyclohexyl-phenyl-ketone (IRGACURE 184) was purchased from Sigma Aldrich Ltd, 
and used as the photo-initiator for hydrogel synthesis. IRGACURE 184 is a highly efficient 
non-yellowing UV photo-initiator widely used for photo-polymerisation of acrylates. It 
appears as white or off-white crystalline powder, and it is only soluble in organic solvents 
due to its bulky molecular size. A photo-initiator is a compound especially added to a 
formulation to convert absorbed light energy into chemical energy by generating free 
radicals [291]. For an efficient photo-initiation, the absorption bands or the excitation 
wavelengths of the photo-initiator must overlap with the emission spectrum of the source 
[292]. Hence, information about the photo-initiator’s absorption spectrum is essential. 
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Figure 3.1 and Figure 3.2 below illustrate the absorption spectra of IRGACURE 184 of various 
concentrations in different solvents. As can be seen from the spectra, IRGACURE 184 
generally exhibits an absorption band from 200 to 380 nm wave lengths in organic solvents. 
The selected UV light source (36w UV lamp nail dryer) emits mainly UVA at around 365 nm 
wavelengths, and it is safe to skin exposure due to its low energy level. Thus, it can be 
concluded that the selected photo-initiator is compatible with the UV source, though not at 
its highest absorption peak.  
 
Figure 3.1. Absorption spectrum in methyl alcohol.  
 
Figure 3.2. Absorption spectrum in acetonitrile.  
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Table 3.1 below lists the main chemicals used in this research and their chemical 
information. 
 
Table 3.1. List of chemicals used. 
Chemicals Molecular formula MW 
(g/mol) 
Chemical structure 
N,N’- 
dimethylacrylamide 
(DMAA) 
C5H9NO 99.13  
Acrylamide  
(AAm) 
C3H5NO 71.08  
Acrylic acid 
(AAc) 
C3H4O2 72.06  
N,N′-methylenebis 
(acrylamide) 
(BIS) 
C7H10N2O2 154.17 
 
Inorganic clay  
(Laponite XLG) 
[Mg5.34Li0.66Si8O20(OH)4] 
Na0.66 
 
760 
 
[207] 
1-
Hydroxycyclohexyl 
phenyl ketone 
(IRGACURE 184) 
C13H16O2 204.26  
Methanol 
 
CH3OH 32.04  
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3.2 Experimental design 
3.2.1 Experimental group allocations 
 
To evaluate the influences of microstructures on the enhancement of mechanical properties 
of hydrogels, three different reinforcing approaches were conducted, including (i) 
nanocomposite systems; (ii) copolymer systems; (iii) interpenetrating network systems;  
For nanocomposite systems, DMAA-based conventional chemically cross-linked hydrogels 
(DMAA-OR gels) and clay containing nanocomposite hydrogels (DMAA-NC gels) were 
studied. In copolymerisation, two copolymer systems were synthesised by copolymerisation 
of DMAA and AAm as well as AAc and AAm, respectively. Finally, interpenetrating systems 
based on a first AAc network and a second AAm network were studied to evaluate the 
mechanical enhancement of double network (DN) approach. 
 
 
Figure 3.3. Experimental group allocations. 
 
Experimental 
groups 
Nanocomposite 
systems 
DMAA-OR gels 
DMAA-NC gels 
Copolymer 
systems 
DMAA-co-AAm gels 
AAc-co-AAm gels 
Interpenetrating 
network 
systems 
AAC-OR/AAm-OR IPN gels 
AAc-OR/AAm-NC IPN gels 
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3.2.2 Orthogonal experimental design 
 
Besides traditional experimental design routes, orthogonal experimental design was used in 
this project to evaluate the influence of different experimental parameters on the 
hydrogel’s final properties. Lx(y
z) is the general term used to describe an orthogonal table, in 
which x is the number of runs required in total, y is the number of levels each factor varies 
in between, and z is the number of factors being investigated [293]. For example, L9(3
4) 
indicates a four-factor/three-level orthogonal table with a total 9 runs required. Either a 
typical L9(3
3) or a L9(3
4) orthogonal table was used in some part of the research 
(nanocomposites and interpenetrating systems) as a general guidance for further 
investigations. 
 
3.2.2.1 Design principle 
In experimental design, the various parameters that will influence the resulting properties 
are usually termed as ‘factors’, and their corresponding ranges of variation are usually 
termed as ‘levels’ [294]. For a full factorial experiment, all combinations of factors and their 
levels are supposed to be measured, which is usually time-consuming. For example, a total 
27 runs is required in a full three-factor/three-level design, as listed in Table 3.2 below.  
 
Table 3.2. Full runs of a three-factor/three-level experiment.  
 C1 C2 C3 
A1 B1 A1B1C1 A1B1C2 A1B1C3 
B2 A1B2C1 A1B2C2 A1B2C3 
B3 A1B3C1 A1B3C2 A1B3C3 
A2 B1 A2B1C1 A2B1C2 A2B1C3 
B2 A2B2C1 A2B2C2 A2B2C3 
B3 A2B3C1 A2B3C2 A2B3C3 
A3 B1 A3B1C1 A3B1C2 A3B1C3 
B2 A3B2C1 A3B2C2 A3B2C3 
B3 A3B3C1 A3B3C2 A3B3C3 
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These 27 runs can be represented by the 27 crossings appeared in a cubic model, as seen in 
Figure 3.4 below. The application of orthogonal design can reduce the work considerably to 
9 runs by varying the levels of the factors simultaneously rather than one at a time [294], as 
can be seen from the triangle nodes in Figure 3.4. As can be seen from Table 3.3, the chosen 
9 combinations are: (1) A1B1C1; (2) A1B2C2; (3) A1B3C3; (4) A2B1C2; (5) A2B2C3; (6) 
A2B3C1; (7) A3B1C3; (8) A3B2C1; (9) A3B3C2, and they are selected in a way that they can 
represent all the other combinations in terms of opportunity and possibility. Therefore, an 
orthogonal design consists of the following stages: (i) identify the main purpose of the 
research and the results indicate it; (ii) identify the key experimental parameters (factors) 
and their corresponding range of variation (levels); (iii) choose a suitable orthogonal table to 
selectively perform tests; (iv) analyse the obtained results and evaluate the impact of 
different factors [293, 294].  
 
Figure 3.4. Cubic model of L93
3 orthogonal experimental design. 
 
Table 3.3. L9(3
3) orthogonal table. 
Sample Factors 
A B C 
1 A1 B1 C1 
2 A1 B2 C2 
3 A1 B3 C3 
4 A2 B1 C2 
5 A2 B2 C3 
6 A2 B3 C1 
7 A3 B1 C3 
8 A3 B2 C1 
9 A3 B3 C2 
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3.2.2.2 Application of orthogonal design in this research 
 
Table 3.4. Orthogonal design for DMAA-OR gels and DMAA-NC gels. 
Sample Factors 
A-CDMAA 
 (mol/L) 
B-CBIS 
(mol% of DMAA) 
C-tUV 
(hours) 
1 D0.5-OR0.5(1) 0.5 0.5 1 
2 D0.5-OR1(2) 0.5 1.0 2 
3 D0.5-OR2(3) 0.5 2.0 3 
4 D1-OR0.5(2) 1.0 0.5 2 
5 D1-OR1(3) 1.0 1.0 3 
6 D1-OR2(1) 1.0 2.0 1 
7 D1.5-OR0.5(3) 1.5 0.5 3 
8 D1.5-OR1(1) 1.5 1.0 1 
9 D1.5-OR2(2) 1.5 2.0 2 
 
Sample Factors 
A-CDMAA 
 (mol/L) 
B-CBIS 
(10-2 mol/L) 
C-tUV 
(hours) 
1 D0.5-NC4(1) 0.5 4 1 
2 D0.5-NC6(2) 0.5 6 2 
3 D0.5-NC8(3) 0.5 8 3 
4 D1-NC4(2) 1.0 4 2 
5 D1-NC6(3) 1.0 6 3 
6 D1-NC8(1) 1.0 8 1 
7 D1.5-NC4(3) 1.5 4 3 
8 D1.5-NC6(1) 1.5 6 1 
9 D1.5-NC8(2) 1.5 8 2 
 
For nanocomposite systems, a L93
3 orthogonal table was used in DMAA-based OR and NC 
gels, respectively. As can be seen from Table 3.4, monomer content CDMAA, cross-linker 
content CBIS or CClay, and the UV curing time were selected as the main factors. The 
determination of the variation range (levels) was based on literature survey, so that the 
resulting hydrogel samples would be suitable for lateral tests. The indicators chosen to 
analyse the orthogonal table were the equilibrium swelling ratio (ESR %), the equilibrium 
water content (EWC %), and the gel fraction (gel %). Thus, water-swelling measurements 
were conducted across the orthogonal table for OR and NC gels to obtain the required data.  
78 
 
Table 3.5. L9(3
4) orthogonal table. 
Sample Factors 
A B C D 
1 A1 B1 C1 D1 
2 A1 B2 C2 D2 
3 A1 B3 C3 D3 
4 A2 B1 C2 D3 
5 A2 B2 C3 D1 
6 A2 B3 C1 D2 
7 A3 B1 C3 D2 
8 A3 B2 C1 D3 
9 A3 B3 C2 D1 
 
Table 3.6. Orthogonal design for AAc-OR/AAm-NC IPN gels. 
 
Sample 
Factors 
A-CAAc 
 (mol/L) 
B-CAAm 
(mol/L) 
C-CClay 
(10-2 mol/L) 
D-CBIS 
(mol% of AAc) 
1 AAc1-OR1/AAm2-NC0.5 IPN 1.0 2 0.5 1 
2 AAc1-OR2/AAm3-NC1 IPN 1.0 3 1.0 2 
3 AAc1-OR3/AAm4-NC2 IPN 1.0 4 2.0 3 
4 AAc1.5-OR3/AAm2-NC1 IPN 1.5 2 1.0 3 
5 AAc1.5-OR1/AAm3-NC2 IPN 1.5 3 2.0 1 
6 AAc1.5-OR2/AAm4-NC0.5 IPN 1.5 4 0.5 2 
7 AAc2-OR2/AAm2-NC2 IPN 2.0 2 2.0 2 
8 AAc2-OR3/AAm3-NC0.5 IPN 2.0 3 0.5 3 
9 AAc2-OR1/AAm4-NC1 IPN 2.0 4 1.0 1 
 
For interpenetrating systems, a typical L93
4 orthogonal table was used in AAc-OR/AAm-NC 
interpenetrating systems to optimise the initial reaction composition. As can be seen from 
Table 3.5 and Table 3.6, the monomer content of the first AAc network CAAc , the monomer 
content of the second AAm network CAAm, the physical cross-linker concentration of the 
second network CClay, and the chemical cross-linker of the first network CBIS were selected 
as the main factors being investigated. The measurements selected to analyse the 
orthogonal table were equilibrium swelling tests and uniaxial compression tests, and the 
required results for each run were the equilibrium swelling ratio (ESR %) and the 
compression modulus (E). 
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3.3 Sample preparation 
3.3.1 Synthesis routes 
As can be seen from Figure 3.5, the synthesis routes for nanocomposite systems (a), 
copolymer systems (b), and interpenetrating systems (c) are illustrated in a flow chat.  
 
a. 
 
 
 
b. 
 
 
 
 
c. 
 
 
 
 
 
mono 
Figure 3.5. Flowchart of the synthesis procedures. 
DMAA 
monomer 
IPN gels 
 
Copolymer gels 
DMAA OR gels  
or NC gels 
Monomer 2 
 
Network I 
Monomer 1 
Chemical or physical 
cross-linkers; Initiators; 
UV curing process 
Chemical cross-linkers; 
Initiators; 
UV curing process 
UV curing process Full swelling in the 
2nd reaction mixture 
2st monomers; 
 Initiators; 
Cross-linkers; 
 
1st monomers; 
 Initiators; 
Cross-linkers; 
UV curing 
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3.3.2 Sample preparation and nomenclature 
 
Prior to any experimental procedure, all de-ionized water used for hydrogel synthesis 
(approximately 200 mL) was subjected to an oxygen removal process, so that the initiation 
and polymerisation process won’t be affected by oxygen inhibition. The detailed procedure 
was described here: first a 500 mL water bottle was filled up with de-ionized water and 
sealed with a piece of paraffin film, and then nitrogen gas was bubbled through a long 
needle into the water bottle for more than three hours for complete oxygen removal. 
It is worth mentioning here the incorporation of the photo-initiator was via a methanol 
solution method. The concentration of IRGACURE 184 was maintained at 0.1 wt% of the 
monomer mass for ultimate performance, as reported in literature. Thus, the amount of 
IRGACURE 184 used for each gel sample batch was too little to measure precisely. Therefore, 
a methanol/ IRGACURE 184 solution of specific concentration was prepared for easier 
incorporation of the photo-initiator. To be specific, the average volume of 1 drop of 
methanol solution was first calculated through measuring the weight of 20 drops of 
methanol solution using a regular rubber dropper (calculated as 0.01324 mL). Then, a 2 mL 
methanol/ IRGACURE 184 solution was prepared at a composition that every drop of the 
solution (using regular rubber dropper) would give the required amount of IRGACURE 184 
for each hydrogel sample. It should be noted that this method, though very easy to conduct 
in lab, was of limited accuracy. Factors such as the difference in the size and shape of the 
dropper tips, environmental humidity, and hand squeezing force all have great influence on 
the dropped solution volume. Efforts such as sticking with the same rubber dropper had 
been made to minimise human conducting errors. A more precise way of adding small 
quantities of substances is to use a Gilson pipette or similar of a fixed volume.  
Since there is no syneresis during either the polymerisation process or the cross-linking 
process, both the monomer and the cross-linker concentration of as-prepared hydrogels 
should be identical with the initial reaction mixture. Table 3.7 below presents the sample 
nomenclature system used in this research.  
 
81 
 
Table 3.7. Sample nomenclature. 
Sample Sample  
nomenclature 
Explanation  Example 
Chemically 
cross-linked 
single network 
gels 
Mx-ORy gel ‘x’ is the monomer 
content, expressed in 
mol/L; 
‘y’ is the chemical cross-
linker BIS content, 
expressed in mol% of 
the monomer; 
‘z’ is the content of 
physical cross-linker 
clay, expressed in 10-2 
mol/L of the solution; 
‘D0.5-OR0.5’: A chemically 
cross-linked single 
network gel of 0.5 mol/L 
DMAA content and 0.0025 
mol/L BIS content; 
 
‘D0.5-NC4’: A physically 
cross-linked single 
network gel of 0.5 mol/L 
DMAA content and 0.04 
mol/L clay content; 
Physically cross-
linked single 
network gels 
Mx-NCz gel 
Copolymer 
hydrogels 
through 
chemical cross-
linking 
M1x-co-M2y-
ORz gel 
‘x’ is the monomer 
content, expressed in 
mol/L; 
‘y’ is the second 
monomer content, 
expressed in mol/L; 
‘z’ is the chemical cross-
linker BIS content, 
expressed in mol% of 
the total monomer; 
‘AAc0.2-co-AAm0.8-OR1’: 
A chemically cross-linked 
AAc/AAm copolymer 
hydrogel of 0.2 mol/L AAc 
content, 0.8 mol/L AAm 
content, and 0.01 mol/L 
BIS content; 
 
Interpenetrating 
network 
systems:  
OR/OR IPN 
 
 
 
 
 
 
M1a-ORc/ 
M2b-ORd  
IPN gel 
‘a’ is the monomer 
content of the first 
network, expressed in 
mol/L; 
‘b’ is the monomer 
content of the second 
network, expressed in 
mol/L; 
‘c’ is the chemical cross-
linker content of the 
first network, expressed 
in mol% of the 
monomer M1; 
‘d’ is the chemical cross-
linker content of the 
second network, 
expressed in mol% of 
the monomer M2; 
‘e’ is the physical cross-
linker content of the 
second network, 
expressed in 10-2 mol/L; 
‘AAc1-OR3/AAm5-OR0.1 
IPN’:  
OR/OR IPN gels with a first 
chemically cross-linked 
AAc network of 1 mol/L 
AAc content and 0.03 
mol/L BIS content, and a 
second chemically cross-
linked AAm network of 5 
mol/L AAm content and 
0.001 mol/L BIS content; 
‘AAc1-OR1/AAm2-NC0.5 
IPN’:  
OR/NC IPN gels with a first 
chemically cross-linked 
AAc network of 1 mol/L 
AAc content and 0.01 
mol/L BIS content, and a 
second physically cross-
linked AAm network of 2 
mol/L AAm content and 
0.005 mol/L clay content; 
Interpenetrating 
network 
systems: 
OR/NC IPN 
M1a-ORc/ 
M2b-NCe  
IPN gel 
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For the synthesis of DMAA-based OR and NC gels, a L9(3)
3 orthogonal table was firstly used 
to investigate the influence of monomer content CDMAA, cross-linker content CBIS or CClay, 
and UV curing time tUV on the swelling properties of the synthesised hydrogels. Then, single 
factor experimental designs were additionally applied on DMAA-based OR and NC gels 
respectively to further confirm the orthogonal analysed results. The sample preparation 
compositions are listed in Table 3.8 and Table 3.9 below, and the synthesis process for each 
sample was conducted at least three times to obtain a sample collection big enough for 
lateral characterisations.  
 
Table 3.8. Orthogonal experimental compositions for DMAA-based OR and NC gels. 
 Sample MDMAA 
 (g) 
MCrosslinker 
 (g) 
H2O 
(mL) 
IRGACURE 184  
(g) 
UV time 
(hours) 
 
 
 
OR 
gels 
D0.5-OR0.5(1) 0.4957 0.0039  
 
 
 
 
 
 
 
 
10 
4.9× 10−4 
 
1 
D0.5-OR1(2) 0.0078 2 
D0.5-OR2(3) 0.015 3 
D1-OR0.5(2) 0.9913 0.0078 9.9× 10−4 
 
2 
D1-OR1(3) 0.015 3 
D1-OR2(1) 0.031 1 
D1.5-OR0.5(3) 1.487 0.011 1.5× 10−3 
 
3 
D1.5-OR1(1) 0.023 1 
D1.5-OR2(2) 0.046 2 
 
 
 
NC 
gels 
D0.5-NC4(1) 0.4957 0.30 4.9× 10−4 
 
1 
D0.5-NC6(2) 0.45 2 
D0.5-NC8(3) 0.60 3 
D1-NC4(2) 0.9913 0.30 9.9× 10−4 
 
2 
D1-NC6(3) 0.45 3 
D1-NC8(1) 0.60 1 
D1.5-NC4(3) 1.487 0.30 1.5× 10−3 
 
3 
D1.5-NC6(1) 0.45 1 
D1.5-NC8(2) 0.60 2 
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Table 3.9. Single factor experimental compositions for DMAA-based OR and NC gels. 
  Sample 
name 
MDMAA 
 (g) 
MCrosslinker 
 (g) 
H2O 
(mL) 
IRGACURE 184  
(g) 
UV 
time 
(hours) 
 
 
Group 
1 
1 D1-OR0.4  
 
0.9913 
0.0062  
 
10 
 
 
9.9× 10−4 
 
 
2 
2 D1-OR0.8 0.012 
3 D1-OR1.2 0.018 
4 D1-OR1.6 0.024 
5 D1-OR2.0 0.030 
6 D1-OR2.4 0.037 
 
 
Group 
2 
1 D0.8-OR1 0.7930 0.012  
 
10 
7.9× 10−4  
 
2 
2 D1.2-OR1 1.189 0.018 1.2× 10−3 
3 D1.6-OR1 1.586 0.024 1.6× 10−3 
4 D2.0-OR1 1.982 0.030 1.9× 10−3 
5 D2.4-OR1 2.379 0.037 2.4× 10−3 
6 D2.8-OR1 2.775 0.043 2.8× 10−3 
 
 
 
Group 
3 
1 D0.5-NC3  
 
 
0.4957 
0.22  
 
 
10 
 
 
 
4.9× 10−4 
 
 
 
 
2 
2 D0.5-NC4 0.30 
3 D0.5-NC5 0.38 
4 D0.5-NC6 0.45 
5 D0.5-NC7 0.53 
6 D0.5-NC8 0.60 
7 D0.5-NC9 0.68 
8 D0.5-NC10 0.76 
 
 
Detailed experimental procedures for the synthesis of DMAA-based OR and NC gels were 
described here:  
Inhibitor removal: 
In the beginning of each synthesis process, monomer DMAA was subjected to an alumina 
filtering process for inhibitor removal. To perform this, a 30 mL sand core filter funnel was 
used and filled with a thin layer of activated alumina powder (approximately 5 mm in 
thickness). Then, liquid monomer DMAA was added slowly onto the alumina powder though 
a needle applicator. The purified DMAA monomer was then collected in a small glass bottle. 
The whole filtering process was gravity driven and performed within a fume cupboard.  
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Sample mixture preparation: 
Purified monomer DMAA and either the chemical cross-linker BIS or the physical cross-linker 
clay XLG were dissolved into 10 mL de-ionized water under rapid magnetic stirring. The 
addition of clay powder was performed slowly (about 20 seconds) to avoid agglomeration of 
clay platelets. The magnetic stirring continued for 10-20 minutes until a transparent, 
homogeneous suspension was achieved. Finally, photo-initiator IRGACURE 184 was applied 
to the reaction mixture by adding 1 drop of the previously prepared methanol/ IRGACURE 
184 solution. A further 10 minutes was required before transferring the reaction mixture to 
an ultrasonic oscillation setup for air bubble reduction, so that the defects in gel sample 
could be minimised. 
UV curing: 
The reaction mixture was then transferred into a glass vial and placed flat inside the UV 
lamp for UV radiation curing. After the desired period of time (usually two hours), gel 
formation was completed, and the synthesised sample was carefully removed from the 
container and stored in a well-labelled plastic sample bag. Figure 3.6 below illustrates a 
successfully prepared D0.5-NC5 gel. 
 
 
Figure 3.6. Successfully prepared D0.5-NC5 hydrogel with excellent transparency. 
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For the second section of this research, copolymer hydrogels were studied. The 
copolymerisation between two neutral monomers DMAA and AAm, as well as the 
copolymerisation between one neutral monomer AAm and one ionic monomer AAc were 
investigated, focusing on the influence of the monomer composition on the final hydrogel’s 
swelling and mechanical properties. The synthesis procedures for copolymer hydrogels were 
similar to homopolymer hydrogels mentioned previously, except that the addition of the 
two monomers was done simultaneously. The monomer compositions (M1:M2 ratio) were 
controlled in a way that their sum mole content remains fixed, as can be seen in Table 3.10 
below.  
 
Table 3.10. Experimental compositions for copolymer hydrogels. 
 Sample name Group 1 DMAA-co-AAm gels 
MAAc 
 (g) 
MAAm 
 (g) 
MBIS 
(g) 
H2O 
(mL)  
IRGACURE 184  
 (g) 
UV time 
(hours) 
1 AAm1-OR1 0 0.7108  
 
 
 
0.0154 
 
 
 
 
10 
7.1× 10−4  
 
 
 
2 
2 DMAA0.2-co-AAm0.8-OR1 0.1983 0.5686 7.6× 10−4 
3 DMAA0.3-co-AAm0.7-OR1 0.2973 0.4976 7.9× 10−4 
4 DMAA0.4-co-AAm0.6-OR1 0.3966 0.4265 8.2× 10−4 
5 DMAA0.5-co-AAm0.5-OR1 0.4957 0.3554 8.5× 10−4 
6 DMAA0.6-co-AAm0.4-OR1 0.5948 0.2843 8.7× 10−4 
7 DMAA0.7-co-AAm0.3-OR1 0.6940 0.2132 9.1× 10−4 
8 DMAA0.8-co-AAm0.2-OR1 0.7931 0.1422 9.1× 10−4 
9 DMAA1-OR1 0.9913 0 9.9× 10−4 
 Sample name Group 2 AAc-co-AAm gels 
MAAc 
 (g) 
MAAm 
 (g) 
MBIS 
 (g) 
H2O 
(mL)  
IRGACURE 184  
 (g) 
UV time 
(hours) 
1 AAm1-OR1 0 0.7108  
 
 
 
0.0154 
 
 
 
 
10 
7.1× 10−4  
 
 
 
2 
2 AAc0.2-co-AAm0.8-OR1 0.1441 0.5686 7.1× 10−4 
3 AAc0.3-co-AAm0.7-OR1 0.2162 0.4976 7.1× 10−4 
4 AAc0.4-co-AAm0.6-OR1 0.2882 0.4265 7.1× 10−4 
5 AAc0.5-co-AAm0.5-OR1 0.3603 0.3554 7.2× 10−4 
6 AAc0.6-co-AAm0.4-OR1 0.4324 0.2843 7.2× 10−4 
7 AAc0.7-co-AAm0.3-OR1 0.5044 0.2132 7.2× 10−4 
8 AAc0.8-co-AAm0.2-OR1 0.5765 0.1422 7.2× 10−4 
9 AAc1-OR1 0.7206 0 7.2× 10−4 
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According to the well-established ‘double network’ theory [239-241], the optimum 
mechanical enhancement of an interpenetrating hydrogel system comes from the 
combination of two individual networks distinctly different in their polymer content, cross-
linking density, network charges, and network rigidity [239, 240, 243]. Hence in the third 
section of my research, interpenetrating systems of a first ionic PAAc network and a second 
neutral PAAm network were studied. In the beginning, a small-scale feasibility test was 
conducted on chemically crosslinked AAc-OR/AAm-OR IPN systems due to their ease of 
preparation. Here the research interest was to evaluate the incorporation of a second 
neutral and flexible network, as well as to study the influence of various cross-linking 
densities of the second PAAm network on IPN gels’ swelling and mechanical properties.  
 
Table 3.11. Experimental composition for AAc-OR/AAm-OR IPN gels. 
IPN Sample Network 1 Network 2 
H2O 
(mL) 
MAAc 
 (g) 
MBIS 
(g) 
IRGACURE  
184  
 (g) 
H2O 
(mL) 
MAAm 
 (g) 
MBIS 
(g) 
IRGACURE 
184  
 (g) 
AAc1-OR3  
/AAm5-OR0 IPN 
 
 
 
60 
 
 
 
4.324 
 
 
 
0.2775 
 
 
 
0.0043 
40 14.216 0 0.0142 
AAc1-OR3  
/AAm5-OR0.1 IPN 
40 14.216 0.0308 0.0142 
AAc1-OR3  
/AAm5-OR0.3 IPN 
40 14.216 0.0925 0.0142 
AAc1-OR3  
/AAm5-OR0.5 IPN 
40 14.216 0.154 0.0142 
 
As for the synthesis of most IPN systems, a two-step sequential free-radical polymerisation 
route [239, 245] was applied here in the synthesis of AAc-OR/AAm-OR IPN gels. Detailed 
experimental procedures for the synthesis of DMAA-based OR and NC gels were described 
here: The first chemically-crosslinked AAc1-OR3 network was prepared in a bulk batch, as 
can be seen from Table 3.11. The synthesis procedures were similar to the steps described 
previously for DMAA-OR gels, except for the addition of photo-initiator IRGACURE 184, 
which was added directly for the required amount. The first AAc1-OR3 gels were 
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synthesised using cell culture plates to obtain cylindrical shapes for easier handling at lateral 
swelling and compression characterisation stages, as can be seen in Figure 3.7 below. Then, 
these AAc1-OR3 small cylinders served as templates and were allowed to swell to their full 
swollen states in the reaction mixture of the second network (mixture of water, monomer 
AAm, chemical cross-linker BIS, and photo-initiator IRGACURE 184). The swelling process of 
the first AAc1-OR3 network in the reaction mixture of the second AAm solution would 
complete within one week. Finally, these fully-swollen cylinders were transferred to UV 
radiation curing, to complete the polymerisation and chemical cross-linking of the second 
PAAm network. Hence an interpenetrated network structure of a first AAc1-OR3 network 
and a second PAAm network was prepared.  
 
 
Figure 3.7. Use of cell culture plates for the synthesis of 1st network of IPN.  
 
After the successful trail of the first small-scale feasibility test, the IPN system of a first 
chemically cross-linked PAAc network and a second physically cross-linked PAAm was 
further studied in more detail. Here a more suitable term ‘double network interpenetrating 
systems ‘(DN-IPNs) should be used due to the distinctly different network properties.  
Detailed experimental procedures for the synthesis of AAc-OR/AAm-NC DN gels were 
described here: To begin with, a L9(3)
4 orthogonal experimental design, as can be seen in 
Table 3.12, was used to evaluate the influences of various experimental parameters and to 
optimise the initial reaction composition. The synthesis procedures for AAc-OR/AAm-NC DN 
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gels were similar to the steps described previously for AAc-OR/AAm-OR IPN gels, except for 
the use of physical cross-linker Laponite XLG clay in the second PAAm network. The analysis 
of the orthogonal results was conducted on equilibrium water swelling as well as uniaxial 
compression test results.  
 
 Table 3.12. Othogonal experimental composition for AAc-OR/AAm-NC DN gels. 
IPN Sample Network 1 Network 2 
H2O 
(mL) 
MAAc 
(g) 
MBIS 
(g) 
IRGACURE  
184 (g) 
  
H2O 
(mL) 
MAAm 
 (g) 
MXLG 
(g) 
IRGACURE  
184 (g) 
AAc1-OR1 
/AAm2-NC0.5 IPN 
 
 
 
 
 
 
 
 
10 
 
 
0.7206 
0.0154  
 
7.2× 10−4 
 
 
 
 
 
 
 
 
60 
8.529 0.228 0.0085 
AAC1-OR2 
/AAm3-NC1 IPN 
0.0308 12.79 0.456 0.013 
AAc1-OR3 
/AAm4-NC2 IPN 
0.0463 17.05 0.912 0.017 
AAc1.5-OR3 
/AAm2-NC1 IPN 
 
 
1.081 
0.0694  
 
1.1× 10−3 
8.520 0.456 0.0085 
AAc1.5-OR1 
/AAm3-NC2 IPN 
0.0231 12.79 0.912 0.013 
AAc1.5-OR2 
/AAm4-NC0.5 IPN 
0.0463 17.05 0.228 0.017 
AAc2-OR2 
/AAm2-NC2 IPN 
 
 
1.441 
0.0617  
 
1.4× 10−3 
8.529 0.912 0.0085 
AAc2-OR3 
/AAm3-NC0.5 IPN 
0.0925 12.79 0.228 0.013 
AAc2-OR1 
/AAm4-NC1 IPN 
0.0308 17.05 0.456 0.017 
 
In addition, single factor experimental designs were applied on AAc-OR/AAm-NC DN gels to 
further confirm the results obtained from the orthogonal analysis. As can be seen in Table 
3.13 below, the cross-linker density of either the first chemically cross-linked AAc-OR 
network (Group 1) or the second physically cross-linked AAm-NC network (Group 2) was 
selected as the varying factor being investigated. The experimental procedures for single 
factor experimental design were similar to the previously described orthogonal AAc-
OR/AAm-NC DN gels. Each sample across Table 3.13 was prepared three times to obtain a 
sample pool large enough for further characterisations.  
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Table 3.13. Single factor experimental composition for AAc-OR/AAm-NC DN gels. 
IPN Sample Network 1 Network 2 
H2O 
(mL) 
MAAc 
 (g) 
MBIS 
 (g) 
IRGACURE  
184 (g) 
H2O 
(mL) 
MAAm 
 (g) 
MXLG 
(g) 
IRGACURE  
184 
(g) 
Group 1 
AAc1-OR3 
/AAm4-NC0.05 IPN 
 
 
 
 
50 
 
 
 
 
3.603 
 
 
 
 
0.23 
 
 
 
 
0.0036 
40.0 11.37 0.0152 0.0114 
AAc1-OR3 
/AAm4-NC0.1 IPN 
40.0 11.37 0.0304 0.0114 
AAc1-OR3 
/AAm4-NC0.5 IPN 
40.0 11.37 0.152 0.0114 
AAc1-OR3 
/AAm4-NC1 IPN 
40.0 11.37 0.304 0.0114 
AAc1-OR3 
/AAm4-NC2 IPN 
40.0 11.37 0.608 0.0114 
Group 2 
AAc1-OR0.5 
/AAm3-NC1 IPN 
10 0.7206 0.0077  
 
 
 
7.2×
10−4 
 
 
 
 
120 
 
 
 
 
25.59 
 
 
 
 
0.912 
 
 
 
 
0.0256 
AAc1-OR1 
/AAm3-NC1 IPN 
10 0.7206 0.015 
AAc1-OR2 
/AAm3-NC1 IPN 
10 0.7206 0.031 
AAc1-OR3 
/AAm3-NC1 IPN 
10 0.7206 0.046 
AAc1-OR4 
/AAm3-NC1 IPN 
10 0.7206 0.062 
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3.4 Characterisations 
In this project, capillary viscometer, FTIR, XRD, DSC, SEM, swelling measurements and uniaxial 
compression measurements were used to characterise the molecular weights, chemical 
structures, crystallinity, thermal properties, microstructural morphologies, swelling 
capacities, and mechanical properties of the prepared hydrogels. Here only the detailed 
experimental procedures are of interests, and background information regarding the 
principle of various characterisations has been described previously in Chapter 2.3.   
 
3.4.1 FTIR (Fourier Transform Infrared Spectroscopy) 
FTIR analysis was conducted using a FTIR 8400S Fourier Transform Infrared 
Spectrophotometer. Depending on the physical state, the sample preparation could be done 
either through a compressed KBr disk method for a solid powder sample or through a NaCl 
glass holder method for a liquid sample. To prepare a solid sample, dried samples are firstly 
grinded with small amount of potassium bromide (KBr) powder, followed by a 5 minute 
compression process using a Beckman 16 ton press. Hence, the prepared KBr sample disks 
are thin and transparent enough for inferred light to pass through. To prepare a liquid 
sample, the liquid was usually dropped onto a NaCl glass holder and left to dry. Data were 
collected over a range of from 4000 cm-1 to 600 cm-1 with 64 scans at a 2 cm-1 resolution. 
 
3.4.2 XRD (X-ray diffraction) 
XRD analysis was conducted on Laponite XLG clays and other clay-containing gel samples to 
reveal information such as the dispersion state of clay sheets. All samples were milled into 
very fine powders to form a smooth surface, so that the reflected data of an incident X-ray 
beam could be obtained. All X-ray spectra were recorded using a Bruker D2 Phaser X-ray 
Diffractometer with CuKα radation (λ=1.542 Å) at a scanning rate of 0.02 s−1. 
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3.4.3 SEM (Scanning Electron Microscopy) 
SEM analysis was conducted on freeze-dried hydrogel samples using a 1530 VP FEG-SEM 
machine to reveal their surface morphology images. The hydrogel samples, either as-
prepared or swollen, were first frozen for 3 days in a fridge-freezer (about -20 ℃) and then 
freeze-dried (machine core temperature: -60 ℃) for 3 days for complete water removal. 
Afterwards, they were coated with a thin layer (5-10 nm) of gold using an Au/Pd sputter 
coater (1.5 kV; 60 seconds) to increase the electric signal conductivity. The gold-coated 
freeze-dried sample is illustrated in Figure 3.8 below.  
 
 
Figure 3.8. Example of the SEM sample preparation. 
 
3.4.4 DSC (Differential Scanning Calorimetry) 
DSC analysis was conducted on some dried gel samples using a TA DSC 2000 instrument 
under N2 atmosphere to obtain the Tg values. Small amounts of samples (approximately 10 
mg) were sealed in aluminum pans and were heated from room temperature to 200 ℃ at 20 
℃/min heating rate to remove any previous thermal history. After cooling down to room 
temperature and isothermal for 2 minute, the sample pan was reheated at 10 ℃/min 
heating rate until 220 ℃. The glass transition temperature (Tg), which defined as the 
corresponding temperature of the start point of the endothermic drift (heat capacity 
change), was usually observed as a step in the baseline of the recorded DSC signal. 
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3.4.5 Molecular weight measurement for linear polymers 
The molecular weights of linear polymers are required for the calculation of the cross-linking 
density and average molecular weight between two adjacent cross-links. In this research, 
the molecular weights of linear polymers PDMAA, PAAm, and PAAc were measured 
respectively using the dilute solution viscosity method with the help of an Ubbelohde 
viscometer and a stopwatch. 
To better understand the conducting of the dilute solution viscosity measurement, some 
background information about the molecular weight of the polymer and its relationship 
with solution viscosity is worth mentioning here. Molecular weight or molecular mass, 
commonly abbreviated by MW., is a measure of the sum of the atomic weights of the atoms 
in a molecule [295]. Both atomic and molecular masses are obtained relative to the mass of 
the isotope carbon 12, hence the more proper term ‘relative molecular weight’ [296]. The 
MW. of a given chemical substance is useful in determining its chemical stoichiometry and 
related reactions [295]. The MW. of small to medium size molecules could be measured by 
mass spectrometry, while the MW. of large molecules such as proteins is usually measured 
through viscosity method and light scattering [297]. For a linear polymer, the lengths of 
individual polymer chains are rarely the same due to the difference in polymerisation 
degree [295]. Hence there is always a molecular weight distribution around an average 
value [297]. Depending on the difference in the statistical methods used, there are four 
commonly known average molecular weights used: number average molecular weight (Mn), 
weight average molecular weight (Mw), viscosity average molecular weight (Mv), and Z-
molecular weight (Mz) [298]. Figure 3.9 below illustrate the relationship between these 
average molecular weights.  
 
Figure 3.9. Molecular weight distribution for a polymer sample [298]. 
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In definition, solution viscosity (η) is a measure of the resistance of a solution to gradual 
deformation by shear stress or tensile stress [299]. As a polymer dissolves into a solvent, η 
usually increases, which allows for a convenient method of determining the Mv of the 
polymer-the dilute solution viscosity method [296]. Here are some important definitions: 
the relative viscosity (ηr) is the dimensionless ratio of solution viscosity (η) to solvent 
viscosity (ηs) [300]; the specific viscosity (ηsp) is related to the fraction of the fluid viscosity 
increase [301]; the reduced viscosity (ηred) is the fluid viscosity increase per unit of polymer 
mass concentration (c) [300]; the inherent viscosity (ηinh) is the ratio of natural logarithm of 
the relative viscosity to the mass concentration of the polymer [302]; the intrinsic viscosity 
([η]) is a measure of a solute’s contribution to the solution viscosity, and it is defined as the 
limit of ηred or the limit of ηinh as the polymer mass concentration approaches zero [300, 
303];  
ηr = η/ηs                                                                                                                             Equation 3.1 
ηsp =
η−ηs
ηs
= ηr − 1                                                                                                          Equation 3.2 
ηred = ηsp/c                                                                                                                       Equation 3.3 
ηinh = ln ηr /c                                                                                                                     Equation 3.4 
[η] = limc→0
ηsp
c
= limc→0
ln ηr
c
                                                                                                   Equation 3.5 
 
According to the dilute solution viscosity method, the viscosity of a solution can be 
measured using an Ubbelohde viscometer. As can be seen from Figure 3.10, an Ubbelohde 
viscometer is a u-shaped viscosity measuring instrument consisting of a reservoir, a 
measuring bulb with a capillary, and a third arm open to the atmosphere. The advantage of 
an Ubbelohde viscometer is that the measured values are independent of the total volume 
of liquid [299]. The data collection is simple and requires the use of a stop watch: firstly a 
liquid is introduced into the reservoir then sucked through the capillary and measuring bulb 
(fill up bulb 4); secondly the liquid is allowed to travel back through the measuring bulb and 
the flow time to pass from A to B is recorded.  
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Figure 3.10. Diagram of an Ubbelohde viscometer. 
 
When a solution is very diluted, the relative viscosity (ηr) of the solution can be calculated 
as the ratio of the filtering time required between the solution (t) and the pure solvent (t0) 
[304, 305], as listed below.  
ηr =
η
ηs
=  
t
t0
                                                                                                                        Equation 3.6 
A classical procedure for the determination of the intrinsic viscosity ([η]) of a given solution 
involves measuring the filtering time at various diluted concentrations [305], followed by 
the extrapolation of both the Huggins plot (
ηsp
c
& c) and the Kraemer plot (
ln ηr
c
& c) to zero 
solution polymer concentration [299]. As can be seen from Figure 3.11 below, the common 
intercept of both plots gives the value of the intrinsic viscosity [η] [301, 304]. The intrinsic 
viscosity obtained in a specific solvent is related to viscosity average molecular weight (Mv), 
by the Mark-Houwink equation [295]. Here ‘K’ and ‘a’ are Mark-Houwink constants that 
depend on the type of polymer, solvent, and the testing temperature. ‘a ’ is a function of 
polymer geometry, and it usually varies from 0.5 to 2.0 [299, 306].  
 [η] = KMv
a                                                                                                                         Equation 3.7 
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Figure 3.11. Example of a dual Huggins–Kraemer plot [307].  
 
The experimental procedures regarding the molecular weight measurement of linear 
polymers PDMAA, PAAm, and PAAc using the dilute solution viscosity method were 
described below: Firstly, linear polymers PDMAA, PAAm, and PAAc were prepared by free-
radical solution polymerisation of monomers upon photo-initiation in the absence of any 
cross-linkers. Then, dilute polymer/water solutions of various concentrations were prepared 
according to Table 3.14, and an Ubbelohde viscometer (φ = 0.4 − 0.5mm) was used to 
measure the filtering time required passing through the same distance. For each linear 
polymer, the filtering time of pure solvent (de-ionised water) (t0) passing through the same 
distance was measured at the requested temperature. For more accurate results, t0 was 
controlled to be more than 100 seconds, the polymer mass concentration (c) was controlled 
to be less than 0.01 g/mL, and the relative viscosity (ηr) was controlled within the range of 
1.05~2.5. After the extrapolation of the Huggins and Kraemer plot to zero polymer mass 
concentration, the intrinsic viscosity of the linear polymer can be obtained, as well as the 
viscosity average molecular weight could be calculated using the Mark-Houwink equation. 
The values of K and a constants for linear polymers PDMAA, PAAm, and PAAc at 25℃ or 
30℃ were reported in literature [301, 308-310], and are listed in Table 3.14 as well.  
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Table 3.14.  Molecular weight measurements for linear polymers. 
 T 
(℃) 
K,a values Solution  
monomer content 
(mol/L) 
MMonomer 
 (g) 
H2O 
(mL) 
Irg.184 
(g) K× 102 
(mL/g) 
a 
 
De-ionised 
water 
25 - 
30 - 
Linear PDMAA/ 
Water solution 
25 2.32 0.81 DMAA0.5 0.4957 10 4.9× 10−4 
DMAA1.0 0.9913 10 9.9× 10−4 
DMAA1.5 1.4869 10 1.4× 10−3 
Linear PAAm/ 
Water solution 
30 0.630 0.80 AAm0.5 0.3554 10 3.5× 10−4 
AAm0.6 0.4265 10 4.2× 10−4 
AAm1.0 0.7108 10 7.1× 10−4 
Linear PAAc/ 
2mol/L NaOH 
solution 
25 4.22 0.64 AAc1.0 0.7206 10 7.2× 10−4 
AAc1.5 1.0809 10 1.1× 10−3 
 
 
 
3.4.6 Swelling measurements 
 
Equilibrium water swelling measurements were conducted on all hydrogel samples across 
the entire research. As-prepared hydrogel samples were weighed first (w0) and then 
immersed into excessive de-ionised water at room temperature. The sample weight (wt) 
were measured daily after carefully removing the surface water using a piece of filtering 
paper. During the swelling measurements, the water was changed several times to remove 
any impurities. When the weight of the sample reached equilibrium (we), the equilibrium 
swelling measurements were viewed as completed. Dried samples were then prepared by 
drying swollen hydrogel sample under atmosphere condition for three days and then at 80 
℃ in a vacuum oven for 24 hours (wdry).  
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3.4.7 Uniaxial compression measurements 
 
As mentioned previously, cylindrical hydrogel samples were prepared at the gel synthesis 
stage for easier handling in lateral uniaxial compression measurements. All compression 
tests were conducted on a Universal Material Testing Machine equipped with a 100 N or 
500 N load cell. The crosshead speed was controlled at a constant 5 mm/min. Prior to any 
measurements, the heights and diameters of each cylindrical gel sample were measured 
using a digital Vernier Caliper, and typed in the computer software. For each hydrogel 
sample, the compression data such as load (N), extension (mm), and the theoretical stress 
(MPa) were monitored and recorded by the software up to 80% deformation (strain). The 
recorded data for each test run were load (N), extension (mm), theoretical stress 
(σtheoretical), and the percentage strain (%).  
The sample preparation for uniaxial compression tests were repeated at least five times to 
obtain a large enough sample pool, so that an average value and a standard deviation of the 
data could be calculated. Considering the change of the cross-sectional area during the 
compression deformation, the compression ratio (λ) was introduced as the ratio of the 
sample height after compression (H’) to the original sample height (H0) [109]. Thus, the 
theoretical stress (σTheoreical) recorded by the software could be converted into true stress 
(σTrue) for more accuracy.    
 
λ = H’/H0                                                                                                                              Equation 3.8 
 σTrue =  σtheoretical × λ                                                                                                   Equation 3.9 
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4. Chapter 4 Results and Discussions: Part One-
Nanocomposite Systems 
 
4.1 Linear PDMAA molecular weight results 
 
The viscosity number average molecular weight of linear PDMAA polymers was measured 
using the dilute solution viscosity method described previously in Chapter 3.4.5.  Since the 
reported values of Mark-Houwink parameters for linear PDMAA/water solution are K=2.32 
and a=0.81 at 25 ℃, the filtering time of both the pure solvent (de-ionised water) and the 
diluted linear PDMAA / water solutions were also measured at 25 ℃.  
 
Table 4.1 below presents the measured filtering time of de-ionised water passing through 
the selected Ubbelohde viscometer at 25 ℃. As can be seen from the results, the filtering 
time t0 25 was stable and more than 100 seconds. Thus, the selected Ubbelohde viscometer 
could be seen as of a suitable diameter.  
 
Table 4.1. Measured filtering time of de-ionised water at 25 ℃. 
Test Filtering time t0 25 
(s) 
Average t0 25 
(s) 
1 156 158 
2 158 
3 160 
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Linear PDMAA polymers were synthesised in three monomer concentrations (CDMAA=0.5, 1, 
1.5 mol/L), as listed previously in Table 3.14. These initial monomer contents were selected 
for easier comparison with the compositions of lateral synthesised PDMAA hydrogels. Then, 
these three linear PDMAA/water solutions were further diluted to various concentrations by 
adding different amount of de-ionised water. The diluted solution volumes (V) were 
designed so that the calculated value of the polymer mass content (C) is less than 0.01 g/mL, 
which is the reported optimistic value for viscosity measurements. For example, the first 
diluted solution volume for linear PDMAA at 0.5 mol/L concentration was selected at 50 mL 
so that the polymer mass content was diluted enough (0.0099 g/mL) for lateral viscosity 
measurements in the selected Ubbelohde viscometer. For each diluted volume, the filtering 
time (t) was measured twice to obtain an average value (tave). Then, various viscosities such 
as ηr, ηsp, ηred and ηinh were calculated according to the equations described previously in 
Chapter 3.4.5. Table 4.2, Table 4.3, and Table 4.4 below presents the calculated results.  
 
 
Table 4.2. Viscosity results of PDMAA/water solutions of CDMAA=0.5 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
t 
(s) 
tave  
(s) 
ηr
=
t
t0
 
ηsp
= ηr − 1 
ηinh
=
lnηr
C
 
ηred
=
ηsp
C
 
30.0 0.016 1150 1148 7.27 6.27 120.02 379.21 
1145 
50.0 0.0099 652.0 650.0 4.11 3.11 142.66 314.09 
648.0 
70.0 0.0071 458.0 456.0 2.89 1.89 149.67 266.34 
454.0 
100 0.0049 330.0 330.0 2.08 1.08 149.46 220.40 
330.0 
130 0.0038 300.0 301.0 1.89 0.890 169.02 237.35 
302.0 
150 0.0033 270.0 266.0 1.68 0.680 157.62 206.84 
262.0 
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Table 4.3. Viscosity results of PDMAA/water solutions of CDMAA=1.0 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
t 
(s) 
tave 
 (s) 
ηr
=
t
t0
 
ηsp
= ηr − 1 
ηinh
=
lnηr
C
 
ηred
=
ηsp
C
 
90.0 0.011 918 920 5.82 4.82 159.95 437.86 
922 
100 0.0099 724 713 4.51 3.51 152.01 357.34 
702 
140 0.0078 552 550 3.48 2.48 176.16 350.39 
548 
150 0.0066 500 499 3.15 2.15 174.02 326.57 
498 
190 0.0052 398 398 2.51 1.51 177.07 291.14 
398 
200 0.0049 410 409 2.58 1.58 191.89 320.51 
408 
 
 
 
Table 4.4. Viscosity results of PDMAA/water solutions of CDMAA=1.5 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
t 
(s) 
tave 
 (s) 
ηr
=
t
t0
 
ηsp
= ηr − 1 
ηinh
=
lnηr
C
 
ηred
=
ηsp
C
 
140 0.010 1108 1100 6.96 5.96 182.71 561.36 
1092 
150 0.0099 959.0 958.0 6.06 5.06 181.81 510.79 
957.0 
190 0.0078 759.0 755.0 4.77 3.77 199.86 482.82 
751.0 
200 0.0074 719.0 716.0 4.53 3.53 203.25 475.03 
713.0 
240 0.0061 581.0 589.0 3.72 2.72 212.38 440.30 
597.0 
250 0.0059 528.0 520.0 3.29 2.29 200.29 385.22 
512.0 
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For each of the three linear PDMAA / water solutions, a Huggins-Kraemer plot can be 
obtained by plotting the reduced viscosity (ηred = ηsp/c) against the polymer mass content 
(C) as well as the inherent viscosity (ηinh = ln ηr /c) against the polymer mass content (C), 
as can be seen from Figure 4.1 to Figure 4.3. Then, a linear fit was applied to each of the two 
data series in the Huggins-Kraemer plot (
ηsp
c
 & C and 
ln ηr
c
 & C), and the interception on the 
Y axis was obtained by extrapolation the two lines to zero polymer mass concentration (C=0). 
Therefore, the intermolecular interactions of the polymers can be eliminated and the 
resulting common interception average of both lines gives the value of intrinsic viscosity 
([η]), as listed in Table 4.5 below.  
 
Figure 4.1. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CDMAA=0.5 mol/L). 
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Figure 4.2. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CDMAA=1.0 mol/L). 
 
Figure 4.3. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CDMAA=1.5 mol/L). 
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As can be seen from Table 4.5, the intrinsic viscosity values of linear PDMAA increased with 
increasing initial monomer concentration, and linear PDMAA at 1.5 mol/L monomer content 
exhibited the highest intrinsic viscosity at 243.34 mL/g. With the help of the Mark-Houwink 
equation as well as the reported K, a values, the viscosity average molecular weight (Mv) of 
linear PDMAA at different initial monomer concentrations (D0.5, D1, D1.5) can also be 
calculated.  Similar dependence on the monomer content was also observed in Mv, and 
linear PDMAA at 1.5 mol/L monomer content exhibited the highest value of Mv. This initial 
monomer content dependence of both the intrinsic viscosity and the viscosity average 
molecular weight for linear polymers can be explained by the thermodynamic kinetics of the 
free-radical chain addition polymerisation process of polyacrylates [311]: under UV 
iraadiation, the photo-initiator generates free radicals, which then react with the monomer 
and initiate chain propagation. In chain addition polumerisation, the chain propagation step 
corresponds to the growth of polymer chain length, which takes place in a very short time 
period due to its low energy levels [312]. When the solution monomer concentration is high, 
chain propagation process can take place easily, resulting in longer polymer chains with  
higher average molecular weights.  
It should also be noted that the calculated viscosity average molecular weights were only 
relative values due to the inaccuracy of the temperature control and the overlook of the 
possible shear thinning effect of the polymer solution.  
 
Table 4.5. Calculated viscosity average molecular weights for linear PDMAA polymers. 
(25℃，K=23.2× 10−3 mL/g, a=0.81) 
 lnηr
C
& C 
Intercept 
ηsp
C
 & C 
Intercept 
Average 
Intercept=[η]  
(mL/g) 
Mv 
D0.5 171.28 173.05 172.16 60024 
D1 209.53 210.45 209.99 76705 
D1.5 241.83 244.85 243.34 92015 
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4.2 Chemically cross-linked DMAA OR gels 
4.2.1 DMAA OR gels: FTIR results 
 
The FTIR spectra of monomer DMAA liquid, linear polymer PDMAA in water, the chemical 
cross-linker BIS-acrylamide in KBr powder and a dryied D1-OR1 gel in KBr powder, are 
illustrated in Figure 4.4 below. Each spectrum was shifted by a fixed amount for clarity, and 
an additional zoomed spectrum from 2000 to 1000 cm-1 wavenumber region was also 
presented.  
As can be seen from the spectra:  
Monomer DMAA liquid showed alkene =CH stretching vibrations around 3100-3000 cm-1, 
characteristic amide C=O stretching vibrations around 1680-1630 cm-1, characteristic alkene 
C=C conjugated stretching vibrations around 1640-1610 cm-1, various C-H stretching and 
bending vibrations around 2920 cm-1 and 1430-1290 cm-1, alkane CH3 bending vibrations 
around 1375 cm-1, and alkyl amine C-N stretching vibrations around 1200-1025 cm-1. These 
observed bands confirmed the chemical structure of monomer DMAA, and other peaks 
observed belong to the inhibitor MEHQ present. For linear PDMAA polymer samples, the 
presence of characteristic amide C=O stretching, alkane CH3 bending, and alkyl amine C-N 
stretching vibrations were observed at similar locations, while the disappearance of C=C 
stretching peaks was observed around 1640-1610 cm-1. Chemical cross-linker BIS-acrylamide 
in KBr powder exhibited various C-H stretching and bending vibrations around 3300 cm-1, 
3000 cm-1, and 1400 cm-1, C=O stretching vibrations around 1663 cm-1, N-H stretching and 
bending vibrations around 3297 cm-1 and 1538 cm-1, and C-N bending vibrations around 
1360-1025 cm-1. D1-OR1 gel exhibits a slightly sloping background due to its poor dispersion 
in KBr powder, and corresponding C=O, C-H, and N-H stretching vibrations of less intensities.  
These observed absorptions were consistent with their chemical structures, and Table 4.6 
below lists the common FTIR absorption bands for the functional groups present in these 
chemicals. 
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Figure 4.4. FTIR spectra of monomer DMAA, linear PDMAA, chemical cross-linker BIS, and 
D1-OR1 gel.  
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Table 4.6. IR absorptions for representative functional groups. 
Functional group Molecular motion Wavenumber (cm-1) 
 
Alkanes 
C-H stretch 2950-2800 
CH2 bend -1465 
CH3 bend -1375 
CH2 bend (4 or more) -720 
 
 
Alkenes 
=CH stretch 3100-3010 
C=C stretch isolated 1690-1630 
C=C stretch conjugated 1640-1610 
C-H in-plane bend 1430-1290 
C-H bend 990-700 
 
Amines 
N-H stretch (1 per N-H bond) 3500-3300 
N-H bend 1640-1500 
C-N stretch (alkyl) 1200-1025 
C-N stretch (aryl) 1360-1250 
 
Amides  
N-H stretch 3500-3180 
C=O stretch 1680-1630 
N-H bend 1640-1515 
 
In summary, the characteristic Amide I band (80% C=O stretching) can be observed in all 
spectra, and the characteristic Amide II band (60% N-H bending and 40% C-H stretching) can 
be observed in chemical cross-linker BIS-acrylamide and D1-OR1 gel but not in monomer 
DMAA and linear PDMAA. In addition, the characteristic C=C conjugated stretching can only 
be observed in monomer DMAA and chemical cross-linker BIS-acrylamide but not in linear 
polymer PDMAA and D1-OR1 gel, indicating the breakage of C=C bonds during the 
polymerisation/cross-linking process.  
Therefore, it can be concluded that the polymerisation process of linear polymer PDMAA 
was a chain addition polymerisation process through the breaking of C=C bonds in monomer 
DMAA molecules, as can be seen from Figure 4.5 below. Upon UV radiation, the photo-
initiator IRGACURE 184 is excited to produce free radicals, which then attack the DMAA 
monomer and initiate chain propagation process.  
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Figure 4.5. Linear PDMAA polymerisation mechanism. 
 
In addition, the cross-linking/polymerisation process of D1-OR1 gel was also conducted 
through the breaking and re-uniting of C=C bonds in both the monomer DMAA and the 
chemical cross-linker BIS-acrylamide, as can be seen from Figure 4.6 below. Similar to the 
synthesis of linear polymer PDMAA, free radicals are produced upon UV radiation of the 
photo-initiator IRGACURE 184. Here the radicals attack both the monomer DMAA and the 
chemical cross-linker BIS-acrylamide simultaneously to initiate a crosslinking/polymerisation 
chain propagation process, thereby forming a three-dimensional polymeric network. This 
free radical nature of the polymerisation/cross-linking process gives rise to the uncertainty 
in the crosslinking points distribution, which would be further confirmed in lateral 
characterisations. 
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Figure 4.6. DMAA-OR gel’s cross-linking/polymerisation mechanism. 
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4.2.2 DMAA OR gels: FEG-SEM results 
 
SEM images of as-prepared and fully swollen D0.5-OR0.5 gel were taken as an example to 
reveal the network microstructure of a hydrogel.  
As can be seen from Figure 4.7, as-prepared D0.5-OR0.5 gel exhibits a highly porous surface 
morphology. The size of these observed pores varies from a few microns to 10s of microns. 
Hydrogels, being a cross-linked three-dimensional polymeric network, generally have high 
water-holding capacity due to their porous network structure.  The presence of these 
abundant pores in the hydrogel network structure gives access to the penetration and 
storage of water molecules, thereby providing excellent water holding capacity. In addition, 
as mentioned previously in the SEM section of Chapter 2.3, the lyophilisation process of 
water in freeze-drying process also leaves large pores behind due to the formation of ice 
molecules. Therefore, the pore sizes observed in SEM imaging are influenced by both the 
structural factors including network density and cross-links distribution, as well as 
experimental factors such as the lyophilisation temperature and speed.  
As can be seen from Figure 4.8, fully swollen D0.5-OR0.5 gel exhibits much bigger pores in 
comparison with as-prepared gel samples due to the stretching and re-orientation of 
polymer chains during the swelling process. Similarly, these pores are random in size, 
indicating an inhomogeneous distribution of chemical cross-links. As mentioned previously 
in Figure 4.6, the polymerisation/cross-linking process of chemically cross-linked PDMAA 
hydrogel is a free radical induced simultaneous polymerisation/cross-linking process. Thus, 
the difference in pore sizes is resulted from the uncertainty of the free radical movement 
and the inhomogeneous cross-links formation process.  
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Figure 4.7. SEM images of as-prepared D0.5-OR0.5 gel at different magnifications. 
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Figure 4.8. SEM images of fully-swollen D0.5-OR0.5 gel at different magnifications. 
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4.2.3 DMAA OR gels: orthogonal swelling analysis 
 
As mentioned previously in the experimental section, a L9(3)
3 orthogonal experimental 
design was firstly applied on DMAA OR gels, and equilibrium water swelling measurements 
were conducted to evaluate the influence of various experimental parameters such as 
monomer concentration CDMAA, chemical cross-linker concentration CBIS, and the UV curing 
time tUV. The results were analysed by terms of the equilibrium swelling ratio (ESR%), the 
equilibrium water content (EWC%), and the gel fraction (gel%) according to equations 
mentioned previously in Chapter 2.3.  
As can be seen from Figure 4.9 below, the water-swelling behaviour of DMAA OR gels was 
similar to conventional swelling behaviour [107] in that swelling was fast in the beginning 
and gradually reached the equilibrium. The starting point of the mass swelling ratios were 
not from zero because of the fact that as-prepared DMAA OR gels contains various amount 
of water. It is also worth noticing that the mass swelling ratio of DMAA OR gels fell into 
three gradients in accordance with the initial CDMAA: the higher the initial CDMAA, the lower 
the mass swelling ratio, and within each gradient (at the same initial CDMAA) the mass 
swelling ratio decreases as CBIS increases. The highest swelling equilibrium swelling ratio 
(7068.0%) was achieved in D0.5-OR0.5 gels when both of the monomer and the cross-linker 
contents remained the lowest, while the lowest equilibrium swelling ratio (1366.1%) was 
obtained in D1.5-OR2 gel when both of the monomer and the cross-linker contents were 
high. The influence of CBIS at the same initial CDMAA is easy to understand since higher 
chemical cross-linker concentration usually lead to the formation of a higher cross-linking 
density, thereby resulting in reduced inter-crosslinking distance in the network structure 
and low water-holding capacity in the hydrogel. However, the influence of CDMAA is more 
complex to explain. It was observed that the mass swelling ratio decreases as the initial 
CDMAAincreases at the same initial CBIS. That is to say, chemically cross-linked OR gels 
synthesized at low initial CDMAA (e.g.Photo-D0.5 OR gels) have a low cross-linking density 
and swell more than OR gels synthesized at high initial CDMAA (e.g.Photo-D1.5 OR gels) in 
their equilibrium swelling state. The mechanism of the low cross-linking density caused by 
low initial monomer concentration will be discussed in further detail. 
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Figure 4.9. Equilibrium water swelling graph for DMAA OR gels of L93
3 orthogonal design 
 
Table 4.7 below presents the calculated equilibrium swelling results for orthogonal DMAA 
OR gels.  
 
Table 4.7. Equilibrium water-swelling results for orthogonal DMAA OR gels. 
  ESR%  EWC% Gel% 
1 D0.5-OR0.5(1) 7068.0 98.7 4.33 
2 D0.5-OR1(2) 4397.8 97.8 4.42 
3 D0.5-OR2(3) 2910.7 96.8 4.93 
4 D1-OR0.5(2) 3244.1 96.6 8.84 
5 D1-OR1(3) 2264.3 95.3 9.05 
6 D1-OR2(1) 1514.6 92.9 9.43 
7 D1.5-OR0.5(3) 2377.6 95.6 13.3 
8 D1.5-OR1(1) 1736.6 93.5 13.9 
9 D1.5-OR2(2) 1366.1 90.6 14.4 
 
114 
 
 
Table 4.8 below presents the orthogonal analysis of the swelling results for DMAA OR gels 
(Here T is the sum of one series of results obtained from the same factor while t is the 
average of T and R is the range of t. Thus, the range R indicates the influence of each 
experimental parameter). It is clear that the monomer concentration CDMAA  showed the 
largest influence in terms of ESR%, EWC% and gel%. In addition, the chemical cross-linker 
concentration CBIS showed comparable influence on ESR% and EWC%, though very little 
influence on the gel fraction. Gel fraction, which is an indicator of the actual polymer 
content within a hydrogel, seemed to be influenced only by the initial CDMAA. That is to say, 
the increase of the chemical cross-linker content cannot lead to a bigger sized polymer 
network, but only a denser one. The influence of the UV curing time tUV, however, was 
relatively weak. This almost negligible influence of UV curing time on hydrogels swelling 
properties was mostly due to the fast and spontaneous nature of the free-radicals. As 
mentioned previously in Chapter 4.2, the polymerisation mechanism of DMAA OR gels 
involves the chain initiation and chain propagation process, which require very little kinetic 
energy and usually take place in a very short time scale [312].  
 
Table 4.8. Orthogonal analysis of the swelling results for DMAA OR gels. 
 ESR% EWC% Gel% 
CDMAA CBIS tUV CDMAA CBIS tUV CDMAA CBIS tUV 
T1 14376 12689 10319 293 290 285 13.7 26.5 27.8 
T2 7023.1 8398.7 9008.0 284 286 285 27.2 27.4 27.7 
T3 5480.3 5791.5 7552.7 279 280 287 41.7 28.8 27.2 
t1 4792.1 4229.9 3439.7 97.7 96.9 95.0 4.56 8.83 9.26 
t2 2341.0 2799.5 3002.6 94.9 95.5 95.0 9.06 9.13 9.23 
t3 1826.7 1930.5 2517.5 93.2 93.4 95.9 13.9 9.60 9.06 
R 2965.4 2299.3 922.16 4.50 3.50 0.90 9.34 0.77 0.20 
Influence CDMAA > CBIS > tUV CDMAA > CBIS > tUV CDMAA > CBIS > tUV 
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Due to the weak influence of tUV on the swelling results, additional graphs showing the 
dependence of ESR%, EWC%, and Gel% results on either monomer content or chemical 
cross-linker content were also presented from Figure 4.10 to Figure 4.12 below.  
 
 
Figure 4.10. The dependence of ESR% on monomer content and BIS content. 
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Figure 4.11. The dependence of EWC% on monomer content and BIS content. 
 
Figure 4.12. The dependence of Gel% on monomer content and BIS content. 
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At fixed monomer content, as can be seen from the horizontal lines, both of the ESR% and 
the EWC% values decrease as the CBIS  increases while Gel% increases only slightly, 
indicating the formation of a slightly bigger but much denser hydrogel network as the 
chemical cross-linker content increases. This could be easily explained by the cross-linking 
density increase in the network structure as a result of the increase of CBIS. In general, high 
chemical cross-linking density in hydrogels usually leads to short inter-crosslinking distance, 
restricted polymer chain movement, and rigid polymeric networks. Hence, DMAA OR gels of 
high chemical cross-linking density (e.g. D0.5-OR2, D1-OR2, D1.5-OR2) exhibit low water 
holding capacity, which was consistent with the smaller pores observed in the previous SEM 
images.  
At fixed chemical cross-linker content (mol% of monomer DMAA), as can be seen from the 
set of vertical points, both the ESR% and the EWC% decrease as the initial CDMAA increases 
while the gel fraction behaves on the contrary, indicating the formation of a much bigger 
polymer network with reduced water holding capacity as the initial monomer concentration 
increases. The formation of a much bigger polymer network at high initial CDMAA can be 
easily explained by the ease of chain propagation in the presence of abundant amount of 
monomers and adequate cross-linkers. However, the reduced water holding capacity in 
DMAA OR gels as a result of high initial CDMAA is quite interesting. Since low water holding 
capacity generally relates closely to small pore sizes and high cross-linking density, here the 
real question is why high initial CDMAA in the reaction mixture would lead to high cross-
linking density in DMAA OR gels. 
 
There are two possible explanations:  
One explanation could be the disentanglement of polymer chains. In a dilute solution 
environment (low initial CDMAA), polymer chains are prone to disentangle from the original 
coiled state to have more flexibility. Hence larger amount of water would be trapped in gel 
networks, leading to a lower cross-linking degree and higher swelling capacities.  
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Another explanation could be the so-called cyclization effect of chemical cross-linker. 
Cyclization effects, defined as the inefficiency of cross-linking agents caused by the 
competition between chain propagation, cross-linking and chain transfer process, are 
common in free-radical cross-linking polymerisation process [313]. Primary cyclization takes 
place when a double bond in the same chain is attacked by a radical while secondary 
cyclization (multiple crosslinking) happens when the radical attacks the pendent double 
bonds on another chain [314], as can be seen from Figure 4.13 [315]. As the degree of 
solvent dilution increases (at low initial CDMAA), the chance of cyclization and multiple 
crosslinking increases during the polymerisation/crosslinking process, thereby wasting large 
amount of chemical cross-linkers through ineffective crosslinks.  
 
 
Figure 4.13. Ilustration of the various cyclization approaches [313, 314]. 
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4.2.4 DMAA OR gels: single factor swelling analysis and uniaxial compression 
results 
 
As mentioned previously in the experimental section, two groups of chemically cross-linked 
DMAA OR gels were synthesised and subjected to equilibrium water swelling and uniaxial 
compression measurements to further confirm the orthogonal analysis results, as listed in 
Table 4.9. In Group 1, CDMAA was fixed at 1 mol/L while CBIS changed from 0.4 to 2.4 mol% 
of DMAA. In Group 2, CBIS was fixed at 1 mol% of DMAA while CDMAAchanged from 0.8 to 
2.8 mol/L.  
 
Table 4.9. Experimental design for single factor DMAA OR gels. 
 Sample name 
 
 
Group 
1 
1 D1-OR0.4 
2 D1-OR0.8 
3 D1-OR1.2 
4 D1-OR1.6 
5 D1-OR2.0 
6 D1-OR2.4 
 
 
Group 
2 
1 D0.8-OR1 
2 D1.2-OR1 
3 D1.6-OR1 
4 D2.0-OR1 
5 D2.4-OR1 
6 D2.8-OR1 
 
As can be seen from Figure 4.14, the equilibrium water swelling results were consistent with 
the previous orthogonal analysis: at the same initial CDMAA(Group 1), DMAA OR gels 
exhibited reduced water swelling capacity as CBIS was increased; At the same initial CBIS 
(mol% of DMAA) (Group 2), DMAA OR gels prepared from low initial CDMAA showed higher 
swelling capacity than DMAA OR gels prepared from high initial monomer content, which 
was consistent with the previous orthogonal swelling results and could be explained by the 
cyclisation effect described previously.  
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Figure 4.14. Equilibrium water swelling graphs for single factor DMAA OR gels.  
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In addition, uniaxial compression measurements were conducted on both Group 1 and 
Group 2 single factor DMAA OR gels, both as-prepared samples and fully-swollen samples. 
At least 5 cylindrical specimens were prepared for each sample across Table 4.9 to obtain a 
large enough sample pool. As mentioned previously in Chapter 3.4.7, the compression 
modulus was obtained from slope of the linear-elastic region of the stress-strain curve 
(around 10%-17% strain). The uniaxial compression graphs for both as-prepared and fully-
swollen Group 1 DMAA OR gels are illustrated in Figure 4.15 and Figure 4.16 below, while 
the uniaxial compression graphs for both as-prepared and fully-swollen Group 2 DMAA OR 
gels are illustrated in Figure 4.18 and Figure 4.19. Here the zoomed image from 10%-17% 
strain were also illustrated for better selection of results.  
As can be seen from Figure 4.15, as-prepared Group 1 DMAA OR gels can withstand 
compression force only up to 45% compression deformation, and then fracture into pieces. 
In addition, at the same CDMAA, the as-prepared DMAA OR gels became increasingly brittle 
with increased compression modulus and reduced deformation at break as CBIS  was 
increased. As can be seen from Figure 4.16, similar compression deformation limit around 
50% strain, as well as the same dependence on the chemical cross-linker content were 
observed in fully-swollen Group 1 DMAA OR gels. It is worth mentioning here that compared 
to as-prepared samples, fully-swollen DMAA gels exhibit a much smoother compression 
track due to the increase of water content. In addition, the brittleness observed in both as-
prepared and fully-swollen DMAA OR gels was resulted from the restriction in chain mobility 
in chemical cross-linking. On the other hand, this dependence of network rigidity on the 
chemical cross-linker content was consistent with the previous swelling results in that the 
increase of CBIS leads to an increase of the crosslinking density and a more rigid network 
formation, thereby leading to less swelling capacity and more brittleness in the network.  
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Figure 4.15. Uniaxial compression graphs for Group 1 as-prepared DMAA OR gels. 
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Figure 4.16. Uniaxial compression graphs for Group 1 fully-swollen DMAA OR gels. 
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The calculated compression modulus and the corresponding standard deviation for each 
sample are presented in Table 4.10 and Figure 4.17 below. It was observed that the as-
prepared DMAA-OR gels showed higher compression modulus in comparison with their 
fully-swollen counterparts. In addition, for both as-prepared and fully-swollen Group 1 
DMAA-OR gels, the compression moduli were increased by increasing the chemical cross-
linker content (at the same monomer content), which agrees well with the nature of 
chemical cross-linking that the increase of cross-linking density leads to a more rigid 
network.  
 
 
Figure 4.17. The influence of chemical cross-linker content on the compression moduli for 
single factor Group 1 DMAA OR gels. 
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Table 4.10. Compression results for single factor Group 1 DMAA OR gels. 
 E 
(kPa) 
STD E 
(kPa) 
As-prepared D1-OR0.4 0.064 0.026 
D1-OR0.8 0.196 0.065 
D1-OR1.2 0.268 0.074 
D1-OR1.6 0.352 0.104 
D1-OR2.0 0.516 0.009 
D1-OR2.4 0.545 0.009 
Fully-swollen D1-OR0.4 0.064 0.028 
D1-OR0.8 0.096 0.020 
D1-OR1.2 0.163 0.049 
D1-OR1.6 0.237 0.066 
D1-OR2.0 0.437 0.048 
D1-OR2.4 0.500 0.014 
 
 
As can be seen from Figure 4.18 below, as-prepared Group 2 DMAA OR gels can withstand 
compression force only up to 30% compression deformation without fracture. In addition, at 
the same chemical cross-linker content (1 mol% of DMAA), the as-prepared Group 2 DMAA 
OR gels became increasingly brittle with increased stress-strain slope and reduced 
deformation at break as the initial CDMAA was increased. As can be seen from Figure 4.19, 
fully-swollen Group 2 DMAA OR gels exhibit a similar compression limit at around 40% strain, 
and a same monomer content dependence in the compression modulus. Thus, this 
dependence of network rigidity on the initial monomer content agrees well with the 
previous swelling results in that DMAA OR gels formed at high initial monomer 
concentrations exhibit higher cross-linking degree and reduced water holding capacity. As 
described previously in Chapter 4.2.3, the cyclisation effect in low monomer content 
environment usually results in inefficient cross-linking and a waste of chemical cross-linkers.  
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Figure 4.18. Uniaxial compression graphs for Group 2 as-prepard DMAA OR gels. 
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Figure 4.19. Uniaxial compression graphs for Group 2 fully-swollen DMAA OR gels. 
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Table 4.11 and Figure 4.20 below present the calculated compression modulus and the 
corresponding standard deviation for each sample. As can be seen from Table 4.11, both the 
as-prepared and the fully-swollen Group 2 DMAA-OR gels had compression moduli in the 
range from 0.100 to 0.674 kPa. In addition, the fully-swollen samples generally showed 
lower compression modulus in comparison with their as-prepared counterparts, which was 
similar to the compression results of Group 1 DMAA-OR gels.  
 
Table 4.11. Compression results for single factor Group 2 DMAA OR gels. 
 E 
(kPa) 
STD E 
(kPa) 
As-prepared D0.8-OR1 0.139 0.038 
D1.2-OR1 0.304 0.115 
D1.6-OR1 0.428 0.103 
D2.0-OR1 0.530 0.221 
D2.4-OR1 0.570 0.108 
D2.8-OR1 0.674 0.168 
Fully-swollen D0.8-OR1 0.100 0.018 
D1.2-OR1 0.164 0.069 
D1.6-OR1 0.184 0.077 
D2.0-OR1 0.212 0.107 
D2.4-OR1 0.303 0.162 
D2.8-OR1 0.414 0.085 
 
 
For both as-prepared and fully-swollen Group 2 DMAA-OR gels, it was observed that at the 
same chemical cross-linker content (1 mol% of DMAA), the compression modulus was 
increased with the initial monomer content. This increase in network rigidity with increasing 
initial CDMAAwas consistent with the previous swelling results, and could be explained by 
the increase of cross-linking density as a result of the elimination of the cyclisation effect in 
high monomer content environment.  
 
 
129 
 
 
Figure 4.20. The influence of monomer content on the compression moduli for single factor 
Group 2 DMAA OR gels. 
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4.3 Physically cross-linked DMAA NC gels 
 
4.3.1 DMAA NC gels: FTIR results 
 
FTIR spectra of monomer DMAA liquid, linear polymer PDMAA in water, the physical cross-
linker Laponite XLG clay in KBr powder and a dried D0.5-NC3 gel in KBr powder, are 
illustrated in Figure 4.21 below. Each spectrum was shifted by a fixed amount for clarity, and 
an additional zoomed spectrum from 2000 to 1000 cm-1 wavenumber region was also 
presented.  
As can be seen from the spectra:  
As mentioned previously in Figure 4.21, monomer DMAA sample and linear PDMAA polymer 
sample exhibited characteristic absorption peaks for C=O stretching, alkane CH3 bending, 
and alkyl amine C-N stretching vibrations. Laponite XLG clay exhibits broad bands at around 
3610 cm-1 and 3450 cm-1, as well as a sharp peak at around 1641 cm-1 (bending of OH 
groups), indicating the presence of both free hydroxyl groups (3650-3590 cm-1) and 
intermolecular hydrogen-bonded hydroxyl groups (3550-3450cm-1). Moreover, the FTIR 
spectra of Laponite XLG clay shows a characteristic peak near 1010 cm-1 attributing to the 
stretching vibration of Si-O bonds, as well as another peak at around 653 cm-1 attributing to 
the presence of Mg-O bonds. The presence of –OH bonds, Si-O bonds, and Mg-O bonds in 
the chemical structure of Laponite clay is consistent with its literature reported structure. 
Dried D0.5-NC3 gel showed similar FTIR absorption bands to XLG clay with the presence of 
various -OH, Si-O, and Mg-O functional groups, as well as similar FTIR absorption bands to 
DMAA monomer and linear PDMAA polymer with the presence of C=O, -CH3, and C-N 
vibrations, indicating a combined influence in the prepared DMAA NC gels.  
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Figure 4.21. FTIR spectra of monomer DMAA, linear PDMAA, physical cross-linker Laponite 
XLG clay, and D0.5-NC3 gel. 
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4.3.2 DMAA NC gels: XRD results 
 
The clay used in this research is Laponite XLG clay, which is a synthetic smectite clay with a 
structure and composition closely resembling the natural clay minerals hectorite [205, 207]. 
The reported crystalline structure of Laponite is a 2:1 layered hydrous magnesium lithium 
silicate consisting of two tetrahedral silica sheets sandwiching a central octahedral magnesia 
sheet [205], with an idealised structure illustrated in Figure 4.22 below. In practice, some 
magnesium ions are usually substituted by lithium ions or there are empty voids at some 
positions, hence giving an empirical formula as [Na0.7
+ [(Si8Mg5.5Li0.3)O20(OH)4]
−0.7[204]. 
The (001) basal plane spacing of the clay is defined as the distance from a certain plane in 
one layer to the corresponding plane in another parallel layer of the crystal [205]. Thus, it 
consists of stacking layers of clay sheets as well as the height of the interlayer region.  
 
 
Figure 4.22. Idealised 2:1 layered structure of Laponite [205, 207].  
(001) basal plane  
(001) basal plane  
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As can be seen from Figure 4.23, the full range X-ray scan of Laponite XLG clay (as-received) 
shows characteristic peaks at several intervals, indicating a highly ordered crystalline 
packing pattern.  
 
 
Figure 4.23. X-ray diffraction graph of Laponite XLG (as-received) from 2-100 2θ°. 
 
Table 4.12. Assignment of Miller indices 
Peak 2θ 
(°) 
Θ 
(°) 
d 
(Å) 
1/d2 h2 + k2 + l2 h k l 
1 19.64 9.82 4.50 0.0489 1 1 0 0 
2 27.42 13.71 3.25 0.0944 2 1 1 0 
3 34.91 17.45 2.57 0.1513 3 1 1 1 
4 53.46 26.73 1.71 0.3403 6 2 1 1 
5 60.93 30.46 1.52 0.4324 9 2 2 1 
6 72.30 36.15 1.30 0.5853 12 2 2 2 
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In addition, the assignment of Miller indices was conducted for Laponite crystal lattice, as 
listed in Table 4.12. According to the Bragg’s Law (n𝜆=sin θ), the lattice spacing of a 
particular cubic system can be obtained through the following equation: 
d =
a
√h2+k2+l2
                                                                                                                       Equation 4.1 
where a is the lattice spacing of the cubical and h, k, and l are the Miller indices of the 
specific Bragg plane. For example, the calculated (100) inter-planar spacing for Laponite is 
4.5 Å. It should be noted here that the (001) basal plane cannot be observed clearly in the 
full range scan, hence additional X-ray diffraction for both as-received Laponite and washed 
& dried Laponite in the 1-15° 2θ range was further investigated.  
As can be seen from Figure 4.24 below, as-received Laponite exhibits a ‘step’ phenomenon 
instead of a peak in the 2-theta range from 3-8 degree, indicating a stacked crystal structure. 
Produced by Rockwood Additives Ltd as a fine white powder, Laponite crystals are arranged 
into stacks held together electrostatically by sharing of sodium ions in the interlayer region 
between adjacent crystals [207]. On the other hand, the washed & dried Laponite exhibits a 
diffraction pattern with highly oriented (001) peaks around 2θ =7.11 ° , indicating a 
corresponding (001) basal plane spacing around 12.43 Å. Similar findings have been 
reported by Blanton’s group [205], and they have suggested that it is due to the enhanced 
(001) basal plane orientation. As can be seen from Figure 4.25, single Laponite crystals 
process a negative charge on the faces and positive charges on the rims [207]. As dispersed 
in water, a colloidal dispersion of charged disk-like particles is formed with the basal plane 
oriented parallel to the substrate surface [205]. In addition, the degree of the orientation is 
influenced by Laponite platelet size and the relative humidity of the environment [205].  
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Figure 4.24. XRD graphs for Laponite XLG clay both as-received and washed & dried. 
 
 
Figure 4.25. Single crystal Laponite clay. 
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The application of X-ray diffraction in the clay basal spacing determinations makes it a very 
useful tool for characterising the dispersion morphology of clay platelets in a polymer matrix. 
There are three types of morphology in general: (i) face-to-face aggregated clay platelets 
observed with a basal plane spacing similar to that of as-received clay; (ii) intercalated clay 
dispersion (the presence of several polymer chains within clay interlayers) observed with an 
increased basal plane spacing; (ii) Exfoliated clay dispersion (single clay sheets completely 
dispersed in a continuous polymer matrix) observed with no diffraction peaks due to the 
loss of crystallographic order [205]. 
In this research, X-ray diffraction analysis was conducted on D0.5-NC(3-10) samples to 
reveal the dispersion morphology of Laponite clay in PDMAA polymer. All DMAA NC gel 
samples for XRD were prepared by first drying and then milling into very fine powders. The 
calculated solid contents of Laponite XLG clay in each sample are listed in Table 4.13 below.  
 
Table 4.13. Calculated clay content for each NC gel sample. 
 Sample  wt% of clay in  
dried gel sample 
1 D0.5-NC3 31.5% 
2 D0.5-NC4 38.0% 
3 D0.5-NC5 43.3% 
4 D0.5-NC6 47.9% 
5 D0.5-NC7 51.7% 
6 D0.5-NC8 55.0% 
7 D0.5-NC9 57.9% 
8 D0.5-NC10 60.5% 
9 Clay 100.0% 
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As can be seen from Figure 4.26 below, the diffraction patterns of DMAA-NC gel samples 
exhibit no obvious peak within the 2-15° 2θ range, indicating a loss of order for the (001) 
basal plane spacing and a successful exfoliated clay dispersion state in PDMAA polymer 
matrix. In addition, the aggregation of clay particles was observed in DMAA-NC gel samples 
with high clay contents (e.g. D0.5-NC10), which was consistent with the sample’s opaque 
and bubble-containing physical appearance.  
 
 
Figure 4.26. XRD graphs of DMAA-NC gels in comparison with Laponite XLG clay. 
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4.3.3 DMAA NC gels: FEG-SEM results 
 
SEM images of as-prepared and fully swollen D0.5-NC8 gel were taken to reveal its network 
microstructure. As can be seen from Figure 4.27, a highly porous surface morphology can be 
observed in freeze-dried hydrogel samples. Similar to chemically cross-linked DMAA-OR gels, 
the presence of these abundant pores in the hydrogel network structure allows the 
penetration and storage of water, thereby providing excellent water holding capacity. In 
addition, swollen NC gels show bigger pores and thinner polymer walls in comparison with 
as-prepared samples.  
 
 
 
Figure 4.27. SEM images of Photo-D0.5-NC8 gel. 
(A.B. as-prepared gels; C.D. full-swollen gels) 
A 
D C 
B 
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4.3.4 DMAA NC gels: orthogonal swelling analysis 
 
As mentioned previously in the experimental section, a L9(3)
3 orthogonal experimental 
design was firstly applied on DMAA NC gels, and equilibrium water swelling measurements 
were conducted to evaluate the influence of various experimental parameters such as 
monomer concentration CDMAA, physical cross-linker concentration CClay, and the UV curing 
time tUV. The results were analysed by terms of the equilibrium swelling ratio (ESR%), the 
equilibrium water content (EWC %), and the gel fraction (gel%) according to equations 
mentioned previously in Chapter 2.3.  
Figure 4.28 below illustrates the orthogonal water swelling graph for DMAA NC gels. In 
addition, the calculated equilibrium swelling results were listed in Table 4.14.  
 
 
Figure 4.28. Equilibrium water swelling graph for DMAA-NC gels of L93
3 orthogonal design 
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As can be seen from Figure 4.28 above, the water-swelling behaviour of DMAA NC gels was 
quite abnormal in that there was a maximum point present in the swelling curve, after 
which the mass swelling ratio decreases as the swelling time was increased. At the same 
initial CDMAA (e.g. DMAA0.5-NC(4-8) gels), it is worth noticing that the maximum point 
phenomenon in the swelling curve becomes more obvious as CClay increases, indicating a 
close relationship between the appearance of a maximum point and the physical cross-
linker Laponite XLG clay. In addition, the starting points of the swelling curves were not from 
zero due to the various amount of water already contained in as-prepared DMAA NC gels.  
 
Table 4.14. Equilibrium water-swelling results for orthogonal DMAA NC gels. 
  ESR% EWC% Gel% 
1 D0.5-NC4(1) 6035.5 98.3 6.24 
2 D0.5-NC6(2) 3136.3 96.6 7.73 
3 D0.5-NC8(3) 2356.8 95.6 10.0 
4 D1-NC4(2) 10886 99.0 8.65 
5 D1-NC6(3) 6444.2 98.4 10.8 
6 D1-NC8(1) 3515.4 97.1 12.9 
7 D1.5-NC4(3) 15052 99.2 10.5 
8 D1.5-NC6(1) 6916.4 98.5 15.1 
9 D1.5-NC8(2) 4734.8 97.9 16.9 
 
 
Table 4.15. Orthogonal analysis of the swelling results for DMAA NC gels. 
 ESR% EWC% Gel% 
CDMAA CClay tUV CDMAA CClay tUV CDMAA CClay tUV 
T1 11528 31974 16467 290 296 294 23.9 25.4 34.2 
T2 20846 16496 18757 294 293 293 32.4 33.7 33.3 
T3 26703 10607 23853 295 290 293 42.6 39.9 31.4 
t1 3842.9 10658 5489.1 96.6 98.6 98.0 7.96 8.46 11.4 
t2 6948.7 5498.9 6252.5 98.0 97.6 97.6 10.8 11.2 11.1 
t3 8901.1 3535.6 7951.1 98.3 96.6 97.6 14.2 13.3 10.4 
R 5058.2 7122.4 2461.9 1.73 2.00 0.40 6.23 4.84 1.00 
Influence CClay > CDMAA > tUV CClay > CDMAA > tUV CDMAA > CClay > tUV 
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Table 4.15 presents the orthogonal analysis of the swelling results for DMAA NC gels (T is 
the sum of one series of results obtained from the same factor while t is the average of T 
and R is the range of t. Thus, the range R indicates the influence of each experimental 
parameter). It is clear that the physical cross-linker content showed the largest influence in 
terms of equilibrium swelling ratio and equilibrium water content in DMAA NC gels, which is 
different from chemically cross-linked DMAA OR gels. Thus, it can be concluded that the 
physical cross-linker Laponite XLG clay played a unique and more efficient role in 
comparison with a chemical cross-linker BIS-acrylamide. In addition, the monomer DMAA 
content exhibited the largest influence on the gel fraction, which is similar to that of 
chemically cross-linked DMAA OR gels in that the actual solid content of a hydrogel depends 
mainly on the initial monomer content. The influence of the UV curing time on all swelling 
results was relatively weak, which is similar to OR gels due to the fast and spontaneous 
nature of the photo-initiated free-radical polymerisation process. Despite the difference in 
cross-linker incorporation, the synthesis of DMAA NC gels was similar to the synthesis of 
DMAA OR gels, which involves very fast chain initiation and chain propagation process [312].  
Due to the weak influence of tUV on the swelling results, additional graphs showing the 
dependence of ESR%, EWC%, and Gel% results on either monomer content or physical 
cross-linker content were also presented from Figure 4.29 to Figure 4.31 below.  
At fixed monomer content, as can be seen from the horizontal lines, both of the ESR% and 
the EWC% values decrease as the clay content increases while the gel fraction behaves on 
the contrary, indicating the formation of a bigger but denser polymeric gel network with 
reduced water holding capacity with increasing physical cross-linker content. Similar to 
chemically cross-linked DMAA OR gels, the increase of cross-linker content leads to the 
increase of the cross-linker density, thereby resulting in a more rigid network structure and 
reduced water-holding capacity. This similar dependence of swelling capacity on the cross-
linker content in DMAA NC gels confirmed the cross-linker role played by Laponite XLG clay. 
In addition, the gel fraction of NC gels increases dramatically as the clay content increases, 
which is very different from chemically cross-linked DMAA OR gels, indicating a different but 
much more efficient cross-linker role played by Laponite XLG clay.  
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Figure 4.29. The dependence of ESR% on monomer content and clay content. 
 
Figure 4.30. The dependence of EWC% on monomer content and clay content. 
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Figure 4.31. The dependence of Gel% on monomer content and clay content. 
 
At fixed clay content (10-2 mol/L), as can be seen from the set of vertical points, all of the 
swelling results (ESR%, EWC%, and Gel%) increase as the initial CDMAA increases, indicating 
the formation of a much bigger polymer network with enhanced water holding capacity as 
the initial monomer content increases. The increase of the gel fraction along with increasing 
CDMAA in NC gels is similar to that of OR gels, and can be explained by the ease of forming a 
bigger polymer network in the presence of abundant amount of monomers. On the other 
hand, the increase in ESR% and the EWC% with increasing CDMAA in DMAA NC gels was 
different from DMAA OR gels. Unlike the cyclisation effect observed in DMAA OR gels that 
low initial CDMAA would lead to the waste of chemical cross-linker, the increase of CDMAA in 
DMAA NC gels at fixed clay content would result in the decrease of cross-linking density. 
Thus, it can be concluded that Laponite clay was playing a much more efficient role in 
joining polymer chains together.  
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4.3.5 DMAA NC gels: single factor swelling and uniaxial compression results 
 
To further investigate the maximum point in the swelling graph of NC gels as well as the 
influence of clay content on the swelling results, a single factor analysis for a group of NC gel 
samples of fixed monomer content were prepared and subjected to additional swelling and 
uniaxial compression measurements.  
Firstly, equilibrium water swelling measurements were conducted on as-prepared 
DMAA0.5-NC(3-10) gel samples, as illustrated in Figure 4.32 and Table 4.16 below.  
 
 
Figure 4.32. Equilibrium water swelling for single factor DMAA NC gels. 
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Table 4.16. Swelling results for single factor DMAA NC gels. 
 
 
ESR% EWC% Gel% 
D0.5-NC3 7366.4 98.7 6.1 
D0.5-NC4 4183.8 97.5 7.4 
D0.5-NC5 3239.4 96.9 7.9 
D0.5-NC6 2304.0 95.8 8.7 
D0.5-NC7 1854.2 94.7 10.2 
D0.5-NC8 1677.1 93.9 10.7 
D0.5-NC9 1511.2 93.4 10.8 
D0.5-NC10 1353.8 92.6 12.0 
 
As can be seen from Figure 4.32, the swelling graphs for all DMAA NC gel samples reached a 
maximum point after about two day’s swelling and then decrease to equilibrium. The 
appearance of a maximum in the swelling curves in nanocomposite gels was consistent with 
the previous orthogonal swelling results, and was reported previously by Volkan Can’s group 
[210]. The so-called overlap threshold C* is defined as the clay content in a system where 
the clay platelets start to overlap and can be calculated as: 
C* =
Mw/NA
4
3
πR3
× 102                                                                                                                Equation 4.2 
Here NA is the Avogadro’s number, Mw is the weight-average molecular weight and R is the 
radius of clay disks [210]. Thus, the calculated value of C* for this PDMAA/Clay NC gel 
system is 1.24× 10−6 mol/L, which is much lower than the clay concentration used in this 
research (3-10× 10−2 mol/L). Hence, all NC gels synthesised in this research contain clay 
agglomerates to some extent. Once immersed in water, these overlapped clay sheets will 
move apart and diffuse out to obtain a more relaxed state, thereby giving new clay surfaces 
for polymers to interact with. Thus, additional cross-links will be formed at these newly-
appeared clay surfaces, thereby leading to reduced swelling capacity after the maximum 
point in the swelling curve. Referring to the XRD results reported earlier, it can be concluded 
that there was inefficient exfoliation of clay platelets to some extent in as-prepared DMAA 
NC gels.  
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Secondly, uniaxial compression measurements were conducted on as-prepared D0.5-NC(4-8) 
gel samples. These DMAA NC gel samples were selected because they have better shape 
integrity and less air bubble presence.  
As can be seen from Figure 4.33, all D0.5-NC(4-8) gel samples can withstand compression 
force over 80% strain deformation without fracture, indicating a huge improvement in 
mechanical performance in comparison with DMAA-OR gels (only up to 45% compression 
deformation and then fracture into pieces). Considering the previous orthogonal analysis 
and the observed largest influence of clay content on the ESR% and EWC% results while the 
largest influence on the Gel% results, the literature reported multifunctional inter-planar 
cross-linking mechanism [108] could be confirmed for DMAA-NC gels. On the surface of 
each clay sheet, there are several polymer chains attached. Due to the non-covalent 
interactions between polymer chains and the clay surfaces, the polymer chains in between 
adjacent clay sheets are generally long and flexible. Unlike DMAA OR gels in which the cross-
links are formed by fixed covalent bonds between the monomer and the chemical cross-
linker, DMAA-NC gels have more flexible cross-links and dramatically enhanced swelling 
capacities and mechanical toughness. The work done by O Okay and W Oppermann 
reported the presence of a large energy dissipation process during the deformation of 
Laponite-containing NC gels [316]. They concluded that the polymer chains in NC gels were 
in a dynamic adsorption/desorption equilibrium with the clay articles, and an extensive 
rearrangement of the highly entangled polymer chains close to the clay surface was 
required during deformation [316]. Thus, this rearrangement during deformation would 
equalize the force acting on the gel, and was responsible for the excellent mechanical 
performance.  
In addition, at the same CDMAA, DMAA NC gels became increasingly tough with a larger area 
under the stress-strain curve as the clay content was increased, which was completely 
different from the chemically cross-linked DMAA OR gels (became increasingly brittle as 
CBIS was increased).  
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Figure 4.33. Uniaxial compression graphs for single factor DMAA NC gels. 
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Table 4.17 and Figure 4.34 below present the calculated compression modulus and the 
corresponding standard deviation for each sample. As can be seen from Table 4.17, as-
prepared DMAA NC gels exhibit compression modulus in the range from 4.0 to 22.1 kPa, 
which was a huge improvement in comparison with DMAA OR gels (0.100 to 0.674 kPa). In 
addition, it is clear that the compression modulus was strongly influenced by the physical 
cross-linker content. At the same CDMAA, the compression modulus for DMAA NC gels 
increased monotonically with increasing clay content.  
 
Table 4.17. Calculated compression results for single factor DMAA NC gels. 
 E 
(kPa) 
STD E 
(kPa) 
D0.5-NC4 4.0985 1.898 
D0.5-NC5 7.1962 2.799 
D0.5-NC6 12.308 3.954 
D0.5-NC7 17.023 2.023 
D0.5-NC8 22.131 6.219 
 
 
Figure 4.34. The influence of clay content on the compression moduli for DMAA NC gels. 
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4.4 Summary 
For DMAA-OR gels, both the viscosity average molecular weight measurements and FTIR 
measurements confirmed that the cross-linking/polymerisation mechanism of chemically 
cross-linked DMAA-OR gels was through a free radical induced simultaneous 
polymerisation/cross-linking process which involves the breaking of carbon-carbon double 
bonds in the monomer and the chemical cross-linker. The SEM images further confirmed the 
presence of various abundant pores in the gel network, which was resulted from the 
uncertainty of the free radical movement and the inhomogeneous cross-links formation 
process. Orthogonal swelling results suggested that  CDMAA showed the largest influence on 
the swelling behaviour (ESR%, EWC% and Gel%) . The influence of CBIS was comparable to 
CDMAA on ESR% and EWC%, but very little on Gel%. The influence of tUV was very little in all 
swelling results. Single factor swelling and compression results further confirmed the 
influence of CBIS and CDMAA. At fixed CBIS, DMAA-OR gels with low initial CDMAA were of 
high swelling capacities and low compression modulus due to the low cross-linking degree 
as a result of dilute solution chain disentanglement as well as inefficient cross-linking  
(cyclization effect). At fixed CDMAA, DMAA-OR gels with low initial CBIS were of high swelling 
capacities and low compression modulus.  
For DMAA-NC gels, both FTIR and XRD analysis confirmed the incorporation and exfoliated 
dispersion of clay sheets in the polymer matrix. Orthogonal swelling results suggested that 
Cclay showed the largest influence on ESR% and EWC%, while CDMAA showed the largest 
influence on Gel%. Single factor swelling and compression results further confirmed the 
more efficient cross-linker role of Laponite XLG clay in DMAA-NC gels than BIS-acrylamide in 
DMAA-OR gels. At fixed CDMAA, DMAA-NC gels with high initial Cclay showed lower swelling 
capacities and higher compression modulus due to the high efficient cross-linking density. 
The enhanced swelling capacities as well as mechanical strength in DMAA-NC gels in 
comparison with DMAA-OR gels were originated from the flexible multifunctional cross-
linking between polymer chains and clay surfaces.  
150 
 
5. Chapter 5 Results and Discussions: Part Two-
Copolymer Systems 
5.1 DMAA-co-AAm copolymer systems 
5.1.1 Linear PAAm molecular weight results 
 
The viscosity average molecular weight of linear PAAm was measured using the same dilute 
solution viscosity method described previously in Chapter 3.4.5. Since the reported values of 
Mark-Houwink parameters for linear PAAm/water solutions are K=0.00631 mL/g and a=0.8 
at 30℃, the filtering time of both the pure solvent (de-ionised water) and the diluted linear 
PAAm/water solutions were also measured at 30℃.  
As can be seen from Table 5.1 below, the measured filtering time of de-ionised water 
passing through the selected Ubbelohde viscometer was around 143 seconds, which was 
more than 100 seconds and suggesting a suitable Ubbelohde viscometer diameter selection.  
 
 
Table 5.1. Measured filtering time of de-ionised water at 30 ℃. 
Test Filtering time t0 30 
(s) 
Average t0 30 
(s) 
1 144 143 
2 142 
3 143 
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Then, linear PAAm polymers were prepared in 3 different initial monomer concentrations 
(CAAm=0.5, 0.6, 1 mol/L), as listed previously in Table 3.14. These initial monomer contents 
were selected for easier comparison with the compositions of lateral synthesised DMAA-co-
AAm copolymer hydrogels. In addition, each of the three linear PAAm / water solutions 
were further diluted to various concentrations by adding various amount of de-ionised 
water. The diluted solution volumes (V) were designed so that the calculated value of the 
polymer mass content (C) is less than 0.01 g/mL, which is the reported optimistic value for 
viscosity measurements. For each diluted volume, the filtering time (t) was measured twice 
at least to obtain an average value (tave). Finally, the reduced viscosity and the inherent 
viscosity were calculated and listed in Table 5.2, Table 5.3, and Table 5.4 below.  
 
Table 5.2. Viscosity results of PAAm/water solutions of CAAm=0.5 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
tave 
(s) 
ηr =
t
t0
 
ηsp = ηr − 1 lnηr
C
 
ηsp
C
 
40 0.0088 300 2.09 1.09 83.39 123.56 
50 0.0071 260 1.81 0.810 84.10 115.10 
70 0.0050 225 1.57 0.570 89.27 112.94 
80 0.0044 210 1.46 0.460 86.49 105.46 
 
Table 5.3. Viscosity results of PAAm/water solutions of CAAm=0.6 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
tave 
 (s) 
ηr =
t
t0
 
ηsp = ηr − 1 lnηr
C
 
ηsp
C
 
40.0 0.010 475 3.32 2.32 112.5 217.7 
50.0 0.0085 440 3.08 2.08 131.7 243.4 
80.0 0.0053 288 2.01 1.01 131.3 190.2 
100 0.0043 265 1.85 0.850 144.6 200.0 
 
Table 5.4. Viscosity results of PAAm/water solutions of CAAm=1.0 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
tave 
 (s) 
ηr =
t
t0
 
ηsp = ηr − 1 lnηr
C
 
ηsp
C
 
60.0 0.011 979 6.84 5.84 162.3 493.4 
110 0.0064 530 3.70 2.70 202.7 418.8 
160 0.0044 379 2.65 1.65 219.4 371.4 
210 0.0033 303 2.11 1.11 221.8 330.5 
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After plotting the reduced viscosity (ηred = ηsp/c) against the polymer mass content (C) as 
well as the inherent viscosity (ηinh = ln ηr /c) against the polymer mass content (C), the 
Huggins-Kraemer plot was obtained for each of the three linear PAAm / water solutions, as 
can be seen from Figure 5.1 to Figure 5.3. Then, a linear fit was applied to each of the two 
data series in the Huggins-Kraemer plot (
ηsp
c
 & C and 
ln ηr
c
 & C), and the interception on the 
Y axis was obtained by extrapolation the two lines to zero polymer mass concentration (C=0). 
Therefore, the resulting common interception average of both lines gives the value of 
intrinsic viscosity ([η]), which can then be used to calculate the viscosity average molecular 
weight (Mv) for each linear PAAm/water solutions, as listed in Table 5.5.  
 
 
Figure 5.1. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CAAm=0.5 mol/L). 
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Figure 5.2. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CAAm=0.6 mol/L). 
 
Figure 5.3. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CAAm=1.0 mol/L). 
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As can be seen from Table 5.5, both the intrinsic viscosity value and the viscosity average 
molecular weight of the linear PAAm polymer have exhibited strong dependence on the 
initial monomer AAm concentrations. Increasing the initial monomer concentration would 
increase the intrinsic viscosity of the linear polymer, as well as its viscosity average 
molecular weight. This initial monomer concentration dependence of linear PAAm is similar 
to that of linear PDMAA, as reported previously. Once again, it could be explained by the 
thermodynamic kinetics of the free-radical polymerisation process [311] that the chain 
propagation process is more likely to take place at higher initial monomer concentartions 
[312]. When the solution monomer concentration is high, chain propagation process can 
take place easily, resulting in longer polymer chains with  higher average molecular weights. 
In addition, it should be noted that the calculated viscosity average molecular weights were 
only relative values due to the inaccuracy of the temperature control and the overlook of 
the possible shear thinning effect of the polymer solution.  
 
 
Table 5.5. Calculated viscosity average molecular weights for linear PAAm polymers. 
(30℃，K=6.31× 10−3mL/g, a=0.8) 
 lnηr
C
& C 
Intercept 
ηsp
C
 & C 
Intercept 
Average 
Intercept=[η]  
(mL/g) 
Mv 
AAm0.5 92.66 92.06 92.36 160866 
AAm0.6 158.8 174.5 166.6 287834 
AAm1.0 249.1 284.7 266.9 606594 
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5.1.2 Swelling results 
 
Equilibrium water swelling measurements were conducted on DMAA-co-AAm copolymer 
hydrogel samples of various monomer compositions, in comparison with single polymer gels 
AAm1-OR1 and DMAA1-OR1. For all samples, the total monomer content was fixed at 1 
mol/L, and the chemical cross-linker content was fixed at 1 mol %.  
 
 
Figure 5.4. Equilibrium water swelling graph for DMAA-co-AAm copolymer gels. 
. 
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Figure 5.5. ESR% values of DMAA-co-AAm copolymer gels against monomer 
compositions. 
 
 
Table 5.6. Calculated values of ESR% for DMAA-co-AAm copolymer gels. 
 Sample  ESR% 
1 AAm1-OR1 1925.4 
2 DMAA0.2-co-AAm0.8-OR1 2233.1 
3 DMAA0.3-co-AAm0.7-OR1 2347.1 
4 DMAA0.4-co-AAm0.6-OR1 2435.1 
5 DMAA0.5-co-AAm0.5-OR1 2708.4 
6 DMAA0.6-co-AAm0.4-OR1 2433.5 
7 DMAA0.7-co-AAm0.3-OR1 2361.5 
8 DMAA0.8-co-AAm0.2-OR1 2298.5 
9 DMAA1-OR1 2264.0 
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As can be seen from Figure 5.4, Figure 5.5, and Table 5.6, the ESR% for single polymer 
AAm1-OR1 gel was calculated to be 1925.4%, lower than the ESR% calculated for single 
polymer DMAA1-OR1 gel (2264.0%). This slightly increase of water-holding capacity was 
attributed to PDMAA gels’ bulky methyl groups, which have occupied bigger space in the 
network structure. Thus, PDMAA gels exhibited longer inter-crosslinking distance and bigger 
pores in comparison with PAAm gels, thereby achieving higher equilibrium swelling ratios.  
In addition, it was observed that enhanced swelling capacities were achieved with most of 
DMAA-co-AAm copolymer samples in comparison to their single polymer gels. The 
calculated ESR% values for DMAA-co-AAm copolymer gels were in the range of 2233.1-
2708.4%, with the highest ESR% achieved by the DMAA0.5-co-AAm0.5-OR1 copolymer 
sample. That is to say, DMAA-co-AAm copolymer hydrogels generally exhibited higher 
swelling capacities than single polymer hydrogels at the same monomer content, indicating 
a reduced cross-linking density in copolymer hydrogels. This reduced cross-linking density is 
resulted from the chain irregularity increase due to the addition of a second monomer in 
the copolymerisation process.  
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5.1.3 Uniaxial compression results 
 
Uniaxial compression tests were conducted on as-prepared single polymer PAAm and 
PDMAA gels as well as selected DMAA-co-AAm copolymer gels. For each gel sample, at least 
5 cylindrical specimens were prepared to obtain a large enough sample pool so that an 
average compression modulus and a standard deviation could be calculated. As mentioned 
previously in Chapter 3.4.7, the compression modulus was obtained from the slope of the 
linear-elastic region of the stress-strain curve (around 10%-17% strain).  
An example of data dealing for AAm1-OR1 gel sample was presented in Table 5.7 and Figure 
5.7 below. As can be seen from Table 5.7, the average value of compression modulus for 
AAm1-OR1 gel was calculated to be 0.134 kPa. In addition, all 5 Runs of the AAm1-OR1 gel 
sample can withstand compression force only up to 50% compression deformation, and 
then fracture into pieces, as illustrated in Figure 5.7 below.  
 
 
Table 5.7. Example of data dealing for AAm1-OR1 gel sample 
 E 
(kPa) 
Average E  
(kPa) 
STD E 
(kPa) 
Run1 0.124  
 
0.134 
 
 
0.019 
Run2 0.152 
Run3 0.111 
Run4 0.147 
Run5 0.084 (Ignored) 
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Figure 5.6. Example of data dealing for AAm1-OR1 gel sample. 
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As can be seen from Figure 5.7, all hydrogel samples, both single polymers and copolymers, 
can withstand compression strains up to 40% deformation, and further increase of 
deformation had resulted in fracture in all samples.  
For single polymer gels, DMAA1-OR1 gels exhibited a higher toughness (a bigger area under 
the stress-strain curve) than AAm1-OR1 gels, indicating a stronger polymer network 
possessed by PDMAA gels, which was confirmed by their higher modulus listed in Table 5.8. 
Considering the equilibrium water swelling results reported previously that PDMAA gels 
swell more than PAAm gels at the same chemical cross-linking degree, it can be concluded 
that the polymeric network structure of single polymer PDMAA gels was not only more 
porous but also tougher than single polymer PAAm gels.  
As for DMAA-co-AAm copolymer gels of various monomer compositions, they all exhibited 
enhanced toughness and modulus compared to single polymer AAm1-OR1 gel. Among them, 
three copolymer samples DMAA0.4-co-AAm0.6-OR1, DMAA0.5-co-AAm0.5-OR1, and 
DMAA0.6-co-AAm0.4-OR1 even exhibited higher mechanical strengths than single polymer 
PDMAA gel, with a peak modulus of 0.264 kPa observed in DMAA0.4-co-AAm0.6-OR1 
sample.  
 
Table 5.8. Calculated compression moduli and standard deviations for DMAA-co-
AAm copolymer gels. 
 E  
(kPa) 
STD E 
(kPa) 
AAm1-OR1 0.134 0.019 
DMAA0.2-co-AAm0.8-OR1 0.208 0.039 
DMAA0.4-co-AAm0.6-OR1 0.264 0.020 
DMAA0.5-co-AAm0.5-OR1 0.253 0.024 
DMAA0.6-co-AAm0.4-OR1 0.248 0.050 
DMAA0.8-co-AAm0.2-OR1 0.230 0.047 
DMAA1-OR1 0.231 0.067 
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Figure 5.7. Uniaxial compression graphs for DMAA-co-AAm copolymer gels. 
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As can be seen from Table 5.8 and Figure 5.8, it is clear that the compression modulus of 
DMAA-co-AAm copolymers depends on the influence of monomer composition, though not 
dramatically. Considering the same fixed chemical cross-linker content across all copolymer 
samples, which eliminates the influence of different cross-linking degree, the better 
mechanical performances showed by the three more equally portioned DMAA-co-AAm 
copolymer gels were resulted mainly from the optimistic compositional balance. The two 
equally portioned monomer components would produce a more balanced interface 
interaction that leads to better mechanical properties. It can be concluded that the 
copolymerisation approach between DMAA and AAm is not very successful in terms of 
mechanical property enhancement. It might be due to the similarities in the network charge 
among the two monomers (both neutral), thus additional copolymerisation experiments 
between a neutral monomer and an ionic monomer are required. 
 
 
Figure 5.8. Compression moduli against the monomer composition for DMAA-co-AAm 
copolymer gels. 
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5.1.4 FEG-SEM results 
 
SEM characterisations were applied in all as-prepared DMAA-co-AAm copolymer gel 
samples, and the surface morphologies were illustrated below. Due to the presence of 
impurities in the gel sample as well as unsuccessful sample preparation, here only selected 
images of a clear view of the surface morphology were presented. From Figure 5.9 to Figure 
5.13, SEM images of as-prepared DMAA0.2-co-AAm0.8, DMAA0.4-co-AAm0.6, DMAA0.6-co-
AAm0.4, DMAA0.7-co-AAm0.3, and DMAA0.8-co-AAm0.2 copolymer gels at both 500x and 
200x magnifications were presented.  
As can be seen from Figure 5.9 to Figure 5.13, the presence of abundant pores of various 
sizes was observed in most DMAA-co-AAm-OR copolymer gels, which confirms their 
network swelling capacity. For each copolymer gel sample, the pores present were random 
in size due to inhomogeneous cross-linking distribution of chemical cross-linking process 
and the uncertainty of free-radical polymerisation/cross-linking process. In addition, it is 
worth mentioning here that the pore sizes of copolymer gels became increasingly large as 
the monomer fractions of DMAA and AAm reached equilibrium (the largest pore sizes 
observed in DMAA0.5-co-AAm0.5-OR1 gel), which was consistent with the previous high 
swelling capacity. This could be explained by the low cross-linking degree as a result of the 
competition between the more dominate copolymerisation kinetics and the less dominate 
cross-linking kinetics at equal monomer compositions. It was also worth mentioning that the 
presence of unwanted substances was observed on the surface of some gel samples. They 
were most likely to be unreacted hydrogel monomer substances which had not been 
washed away from the surface.  
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Figure 5.9. SEM images of as-prepared DMAA0.2-co-AAm0.8 copolymer gels. 
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Figure 5.10. SEM images of as-prepared DMAA0.4-co-AAm0.6 copolymer gels. 
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Figure 5.11. SEM images of as-prepared DMAA0.6-co-AAm0.4 copolymer gels. 
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Figure 5.12. SEM images of as-prepared DMAA0.7-co-AAm0.3 copolymer gels. 
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Figure 5.13. SEM images of as-prepared DMAA0.8-co-AAm0.2 copolymer gels. 
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5.1.5 DSC results 
 
Being well-known as a useful thermal analytical technique, DSC is able to detect various 
thermal transitions such as glass transition, melting, and crystallisation process of polymeric 
materials. Here in this research the DSC technique was used in the characterisation of the 
monomer packing pattern of copolymers. Theoretically speaking, there are mainly four 
groups of monomer packing pattern in copolymers: random copolymers, alternating 
copolymers, block copolymers, and graft copolymers. These differences in monomer 
packing pattern can be confirmed in DSC characterisations [317]: Both the random and the 
alternating copolymers exhibit a homogeneous phase, which could be confirmed by a single 
Tg (glass transition temperature) in their DSC curves. On the other hand, both block and 
graft copolymers exhibit phase separation, which was also detectable by two individual Tg 
values in the DSC curves.  
As can be seen from Figure 5.14 and Figure 5.15, DSC characterisations were conducted on 
selected DMAA-co-AAm-OR1 copolymer samples, as well as single polymer gel samples 
AAm1-OR1 and DMAA1-OR1 for comparison. Single polymer AAm1-OR1 gel and DMAA-OR1 
gel exhibited no obvious Tg in their DSC pattern, only very small Tg-looking step at 88 ℃ and 
113 ℃  respectively, indicating greatly restricted polymer chain flexibility due to the 
presence of chemical cross-links. As for the DMAA-co-AAm copolymer gels, they exhibit 
either one single Tg in the range of 110-125 ℃ or completely no sign of glass transition in 
their DSC curves. Thus, it can be assumed that the monomer sequence in DMAA-co-AAm 
copolymerisation was neither block nor graft copolymerisation, but most likely to be a 
random packing sequence. In theory, the addition of a second monomer in the 
copolymerisation process will compromise the segmental regularity of polymer chains, 
thereby increasing the glass transition temperature to some extent.  
 
170 
 
 
Figure 5.14. DSC patterns of DMAA-co-AAm-OR1 gels.  
 
Figure 5.15. DSC patterns of DMAA-co-AAm-OR1 gels.  
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5.2 AAc-co-AAm copolymer systems 
 
5.2.1 Linear PAAc molecular weight results 
 
The viscosity average molecular weight of linear PAAc was measured using the same dilute 
solution viscosity method reported previously in Chapter 3.4.5. Since the reported values of 
Mark-Houwink parameters for linear PAAc/(2 mol/L NaOH) solutions are K=0.0422 mL/g and 
a=0.64 at 25℃, the filtering time of both the pure solvent (2 mol/L NaOH) and the diluted 
linear PAAc/(2 mol/L NaOH) solutions were also measured at 25℃.  
As can be seen from Table 5.9 below, the measured filtering time of 2 mol/L NaOH solution 
passing through the selected Ubbelohde viscometer was around 225 seconds, which was 
more than 100 seconds and suggesting a suitable Ubbelohde viscometer diameter selection.  
 
 
Table 5.9. Measured filtering time of 2 mol/L NaOH solution at 25 ℃. 
Test Filtering time t0 25 
(s) 
Average t0 25 
(s) 
1 224 225 
2 225 
3 224 
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Then, linear PAAc polymers were prepared in 2 different initial monomer concentrations 
(CAAc=1 mol/L and CAAc =1.5 mol/L), as listed previously in Table 3.14. These initial 
monomer contents were selected for easier comparison with the compositions of lateral 
synthesised AAc-co-AAm copolymer hydrogels. In addition, each of the two linear PAAc 
polymers were further diluted to various concentrations by adding various amount of 2 
mol/L NaOH solution. The diluted solution volumes (V) were designed so that the calculated 
value of the polymer mass content (C) is less than 0.01 g/mL, which is the reported 
optimistic value for viscosity measurements. For each diluted volume, the filtering time (t) 
was measured twice at least to obtain an average value (tave). Finally, the reduced viscosity 
and the inherent viscosity were calculated and listed in Table 5.10 and Table 5.11.  
  
Table 5.10. Viscosity results of PAAc/NaOH solution of CAAc=1 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
tave 
(s) 
ηr =
t
t0
 
ηsp = ηr − 1 lnηr
C
 
ηsp
C
 
200 0.0036 394 1.753 0.753 155.9 209.2 
240 0.0030 368 1.638 0.638 164.4 212.5 
300 0.0024 337 1.498 0.498 168.3 207.4 
400 0.0018 303 1.349 0.349 166.2 193.8 
600 0.0012 276 1.227 0.227 170.2 188.8 
 
 
Table 5.11. Viscosity results of PAAc/NaOH solution of CAAc=1.5 mol/L. 
Diluted volume 
V(mL) 
C 
(g/mL) 
tave 
(s) 
ηr =
t
t0
 
ηsp = ηr − 1 lnηr
C
 
ηsp
C
 
350.0 0.0029 418 1.860 0.860 213.9 296.5 
400.0 0.0022 364 1.618 0.618 218.6 280.8 
600.0 0.0018 333 1.480 0.480 217.8 266.6 
850.0 0.0013 298 1.327 0.327 217.4 251.2 
1100 0.0010 281 1.253 0.253 225.8 253.3 
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For each of the two linear PAAc/(2 mol/L NaOH) solutions, a Huggins-Kraemer plot can be 
obtained by plotting the reduced viscosity (ηred = ηsp/c) against the polymer mass content 
(C) as well as the inherent viscosity (ηinh = ln ηr /c) against the polymer mass content (C), 
as can be seen in Figure 5.16 and Figure 5.17 below. Then, a linear fit was applied to each of 
the two data series in the Huggins-Kraemer plot (
ηsp
c
 & C and 
ln ηr
c
 & C), and the interception 
on the Y axis was obtained by extrapolation the two lines to zero polymer mass 
concentration (C=0).  
 
 
Figure 5.16. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CAAc=1.0 mol/L). 
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Figure 5.17. Graph of  
lnηr
C
 and 
ηsp
C
 against monomer mass content C (CAAc=1.5 mol/L). 
 
Thus, the average value of the interceptions on the Y axis of both lines gives the intrinsic 
viscosity ([η]), and the viscosity average molecular weights (Mv) for each linear PAAm/water 
solutions can then be calculated, as listed in Table 5.12 below. Similar to the situations of 
linear PDMAA and linear PAAm, the Mv values of linear PAAc increased with increasing 
initial monomer concentration.  
 
Table 5.12. Calculated viscosity average molecular weights for linear PAAc polymers. 
(25℃，K=4.22× 10−3 mL/g, a=0.64) 
 lnηr
C
& C 
Intercept 
ηsp
C
 & C 
Intercept 
Average 
Intercept=[η]  
(mL/g) 
Mv 
AAc1.0 177.16 178.54 177.85 461048 
AAc1.5 227.16 223.68 225.42 667667 
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5.2.2 Swelling results 
 
Equilibrium water swelling measurements were conducted on AAc-co-AAm copolymer 
hydrogel samples of various monomer compositions, in comparison with single polymer gels 
AAm1-OR1 and AAc1-OR1. For all samples, the total monomer content was fixed at 1 mol/L, 
and the chemical cross-linker content was fixed at 1 mol%. Figure 5.18 illustrates the 
swelling curves, and the calculated ESR% values are listed in Table 5.13.  
 
 
Figure 5.18. Equilibrium water swelling graph for AAc-co-AAm copolymer gels. 
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Table 5.13. Calculated values of ESR% for AAc-co-AAm copolymer gels. 
 Sample  ESR% 
1 AAm1-OR1 1925.4 
2 AAc0.2-co-AAm0.8-OR1 6624.8 
3 AAc0.3-co-AAm0.7-OR1 14237 
4 AAc0.4-co-AAm0.6-OR1 16542 
5 AAc0.5-co-AAm0.5-OR1 18355 
6 AAc0.6-co-AAm0.4-OR1 17245 
7 AAc0.7-co-AAm0.3-OR1 16112 
8 AAc0.8-co-AAm0.2-OR1 15026 
9 AAc1-OR1 17078 
 
 
As can be seen from Figure 5.18 and Table 5.13, single polymer gel AAc1-OR1 exhibited a 
dramatic increase in the water-holding capacity in comparison with single polymer gel 
AAm1-OR1. The ESR% value of the AAc1-OR1 sample was 17078%, which was a huge 
enhancement than the one for AAm1-OR1 (1925.4%). This dramatic increase of swelling 
capacity in AAc1-OR1 gel was resulted from its ionic network structure. The presence of 
numerous carboxyl groups in the polymer backbone in AAc1-OR1 gel increases the 
hydrophilicity of the network, thereby leading to a much more enhanced water-holding 
capacity in AAc1-OR1 gel.  
As for the AAc-co-AAm copolymer gels of various monomer compositions, it is clear that the 
equilibrium swelling capasities of all AAc-co-AAm copolymers were higher than the single 
polymer AAm1-OR1 (1925.4%), and the ESR % values of the two copolymer samples AAc0.5-
co-AAm0.5-OR1 and AAc0.6-co-AAm0.4-OR1 were even higher than the single polymer 
AAc1-OR1 (17078%). The highest water holding capacity was obtained by the copolymer 
sample AAc0.5-co-AAm0.5-OR1 with an ESR value of 18355%. In comparison with the 
copolymerisation between two neutral monomer (DMAA-co-AAm-OR1), the  incorporation 
of a second ionic monomer in the copolymerisation process (AAc-co-AAm-OR1) showed 
much more dramatic enhancement in hydrogel’s swelling capacity.  
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As can be seen from Figure 5.19, the equilibrium swelling ratios of AAc-co-AAm-OR1 
copolymer gels was influenced greatly by the monomer composition.  As the AAc monomer 
fraction was increased, the ESR % values of the copolymer also increased until a peak value 
of 18355% was reached by the AAc0.5-co-AAm0.5-OR1 copolymer sample. Afterwards, the 
ESR % value of the copolymer was reduced gradually with increasing AAc fraction in the 
copolymer.  The presence of a peak ESR % value in AAc-co-AAm-OR1 copolymer gels was 
similar to the result observed in DMAA-co-AAm-OR1 copolymer gels, and it could be 
explained by the balanced interactions between two equally portioned monomer 
components. 
 
 
Figure 5.19. ESR% values of AAc-co-AAm copolymer gels against monomer 
compositions. 
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5.2.3 Uniaxial compression results 
 
Uniaxial compression tests were conducted on as-prepared AAc-co-AAm-OR1 copolymer 
gels as well as single polymer AAm1-OR-1 and AAc-OR1 gels. For each gel sample, at least 4 
cylindrical specimens were prepared to obtain a large enough sample pool so that an 
average compression modulus and a standard deviation could be calculated. As mentioned 
previously in Chapter 3.4.7, the compression modulus was obtained from the slope of the 
linear-elastic region of the stress-strain curve (around 10%-17% strain).  
An example of data dealing for AAc1-OR1 gel sample was presented in Table 5.14 and Figure 
5.20 below. As can be seen from Table 5.14, the average value of compression modulus for 
AAc1-OR1 gel was calculated to be 0.058 kPa. In addition, all 4 Runs of the AAc1-OR1 gel 
sample can withstand compression force only up to 60 % compression deformation, and 
then fracture into pieces, as illustrated in Figure 5.20 below.  
 
 
Table 5.14. Example of data dealing for AAc1-OR1 gel sample 
 E 
(kPa) 
Average E  
(kPa) 
STD E 
(kPa) 
Run1 0.054  
0.058 
 
0.006 Run2 0.067 
Run3 0.052 
Run4 0.060 
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Figure 5.20. Example of data dealing for AAc1-OR1 gel sample. 
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As can be seen from Figure 5.21, all hydrogel samples, both single polymers and copolymers, 
can withstand compression strains up to 60 % deformation, and further increase of 
deformation had resulted in fracture in all samples.  
For single polymer gels, AAc1-OR1 gel exhibited a much lower toughness (a smaller area 
under the stress-strain curve) than AAm1-OR1 gel, indicating a very weak polymer network 
possessed by PAAc gels, which was confirmed by their low compression modulus listed in 
Table 5.15. Considering the equilibrium water swelling results reported previously that PAAc 
gels swell much more than PAAm gels at the same chemical cross-linking degree, it can be 
concluded that the polymeric network structure of single polymer PAAc gels was extremely 
porous and of very low cross-linking density.  
As for AAc-co-AAm copolymer gels of various monomer compositions, they all exhibited 
greatly reduced modulus in comparison with single polymer AAm1-OR1 gel (0.134 kPa). In 
addition, most of the copolymer gels (except for the AAc0.2-co-AAm0.8-OR1 gel) even 
showed lower mechanical strengths than single polymer AAc1-OR1 gel (0.058 kPa). The 
lowest compression modulus was observed in AAc0.5-co-AAm0.5-OR1 gel at 0.031 kPa. This 
very poor mechanical strength was consistent with the previous very high swelling 
capacities, and was resulted from the presence of large quantity of water and the low cross-
linking degree in copolymer gels.  
 
Table 5.15. Calculated compression moduli and standard deviations for AAc-co-AAm 
copolymer gels. 
 E  
(kPa) 
STD E 
(kPa) 
AAm1-OR1 0.134 0.006 
AAc0.2-co-AAm0.8-OR1 0.104 0.022 
AAc0.4-co-AAm0.6-OR1 0.049 0.006 
AAc0.5-co-AAm0.5-OR1 0.031 0.012 
AAc0.6-co-AAm0.4-OR1 0.032 0.003 
AAc0.8-co-AAm0.2-OR1 0.054 0.003 
AAc1-OR1 0.058 0.006 
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Figure 5.21. Uniaxial compression graphs for AAc-co-AAm copolymer gels. 
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As can be seen from Table 5.15 and Figure 5.22, it is clear that the compression modulus of 
AAc-co-AAm copolymers depends grealtly on the influence of monomer composition. The 
addition of the second AAc monomer in the copolymerisation process had reduced the 
mechnical strengths dramatically, reaching the lowest compression modulus of 0.031 kPa in 
AAc0.5-co-AAm0.5-OR1 gel sample. This dramatically reduced mechanical strength in 
AAc0.5-co-AAm0.5-OR1 gel was consistent with the previous swelling results (ESR% was the 
highest in AAc0.5-co-AAm0.5-OR1 gel), thereby indicating a very low cross-linking degree in 
the prepared AAc0.5-co-AAm0.5-OR1 gel. Thus, it can be concluded that the network 
structure of AAc-co-AAm copolymer gels contains large abundant pores. In comparison with 
DMAA-co-AAm copolymer gels of two neutral monomers, the copolymerisation of one 
neutral monomer and another ionic monomer was successful in terms of swelling capacity 
enhancement, while unsuccessful in terms of mechanical property enhancement.  
 
 
Figure 5.22. Compression moduli against the monomer composition for AAc-co-AAm 
copolymer gels. 
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5.2.4 FEG-SEM results 
 
SEM images of as-prepared AAc-co-AAm-OR1 copolymer gel samples were taken to reveal 
their surface morphologies.  
As can be seen from Figure 5.23 to Figure 5.27, a highly porous surface morphology was 
observed in most AAc-co-AAm-OR copolymer gels, which was consistent with their excellent 
swelling capacity. For each copolymer gel sample, the pores present were random in size 
due to inhomogeneous cross-linking distribution of chemical cross-linking process and the 
uncertainty of free-radical polymerisation/cross-linking process. In addition, as the 
monomer fractions of AAc and AAm reached equilibrium, the pores present in the polymer 
network became increasingly large, which was consistent with the previous swelling results.  
 
 
 
Figure 5.23. SEM image of as-prepared AAc0.2-co-AAm0.8-OR1 copolymer gel. 
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Figure 5.24. SEM image of as-prepared AAc0.3-co-AAm0.7-OR1 copolymer gel. 
 
Figure 5.25. SEM image of as-prepared AAc0.5-co-AAm0.5-OR1 copolymer gel. 
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Figure 5.26. SEM image of as-prepared AAc0.7-co-AAm0.3-OR1 copolymer gel. 
 
Figure 5.27. SEM image of as-prepared AAc0.7-co-AAm0.3-OR1 copolymer gel. 
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5.2.5 DSC results 
 
DSC characterisations were carried out on both single polymer gel samples AAm1-OR1 and 
AAc1-OR1 and selected AAc-co-AAm-OR1 copolymer samples to investigate the monomer 
packing sequence in AAc-co-AAm-OR1 copolymer gels.  
As can be seen from Figure 5.28, the DSC patterns of both single polymer AAm1-OR1 and 
single polymer AAc1-OR1 exhibit no obvious glass transition temperature (Tg), indicating 
restricted polymer chain segmental movement as a result of the presence of rigid chemical 
cross-linking points. Unlike the situation of linear polymer without the presence of crosslinks, 
the onset temperature of segmental motion (Tg) in chemically cross-linked polymeric 
network is usually much higher or even completely invisible in DSC due to the loss of 
flexibility of polymer chains.  
As for the selected AAc-co-AAm-OR-1 copolymer gels, there was no sign of glass transition in 
their DSC patterns as well. Thus, it can be assumed that the copolymerisation process 
conducted between the AAc component and the AAm component was in neither block nor 
grafting monomer packing sequence, since either of which would produce two individual Tg. 
However, it is also worth bearing in mind that this disappearance of Tg in the DSC patterns 
of AAc-co-AAm-OR-1 copolymer gels might be resulted from the too high chemical cross-
linking degree, and additional AAc-co-AAm-OR copolymer gel samples of a lower chemical 
cross-linker content could be prepared to further confirm this. 
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Figure 5.28. DSC patterns of AAC-co-AAm-OR1 gels.  
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5.3 Summary 
For the DMAA-co-AAm copolymer system, slightly enhanced swelling capacities were 
achieved in most DMAA-co-AAm copolymer gels in comparison with single polymer gels at 
fixed total monomer content. The ESR% results of copolymer gels exhibited dependence on 
the monomer composition, and the highest ESR% was achieved in sample DMAA0.5-co-
AAm0.5-OR1 (2708.4%). The compression results suggested that the copolymer gels can 
withstand compression force up to 40% deformation, and the calculated compression 
modulus were in the range of 0.208-0.264 kPa, which was slightly higher than single 
polymer gels at fixed total monomer content. SEM images confirmed the presence of 
abundant pores of varies sizes in the surface morphology of copolymer samples. In addition, 
the largest pores present in the sample DMAA0.5-co-AAm0.5-OR1 gel was consistent with 
its previous high swelling capacity, and could be explained by the low crosslinking density as 
a result of more dominate copolymerisation kinetics rather than cross-linking kinetics at 
equal monomer compositions. Thus, the copolymerisation approach between two neutral 
monomers was concluded as unsuccessful in terms of neither swelling capacity nor 
mechanical strength improvement. 
For the AAc-co-AAm copolymer system, dramatically increased swelling capacities were 
achieved for all AAc-co-AAm copolymer gels in comparison with single polymer AAm1-OR1 
gel with a peak ESR% of 18355% achieved by AAc0.5-co-AAm0.5-OR1 gel, which was 
resulted from the greatly increased ionic network charges. The compression modulus for all 
copolymer gels were in the range of 0.031-0.104 kPa, which was much lower than single 
polymer AAm1-OR1 gel (0.134 kPa) and mostly higher than single polymer AAc1-OR1 gel 
(0.058 kPa). This poor mechanical strength in copolymer gels was consistent with the 
previous high swelling capacities, and was resulted from the presence of large quantity of 
water and the low cross-linking degree and was then further confirmed by the presence of 
extremely large pores in the lateral SEM images. Thus, the copolymerisation approach 
between one neutral and one ionic monomer was successful in terms of swelling capacity 
enhancement but unsuccessful in terms of mechanical property enhancement.  
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6. Chapter 6 Results and Discussions: Part 
Three-Interpenetrating Network Systems 
Beside the physical cross-linking (NC gels) approach reported in Chapter 4 as well as the 
copolymerisation approach reported in Chapter 5, the third section of this research focused 
on the study of interpenetrating network (IPN) systems. According to the well-established 
‘double network’ theory [239-241], the optimum mechanical enhancement of an 
interpenetrating hydrogel system comes from  the combination of two individual networks 
which are distinctly different in their polymer content, cross-linking density, network 
charges, and network rigidity [239, 240, 243]. Thus, the chosen interpenetrating system was 
the combination of a first ionic poly(acrylic acid) (PAAc) network and a second neutral 
poly(acrylamide) (PAAm) network.  
In the beginning of the study, a small-scale feasibility test was conducted on a AAc-OR/AAm-
OR IPN system, in which both the first PAAc network and the second PAAm network were 
prepared through chemical cross-linking, as listed in Table 6.1. This simple IPN system was 
selected to practice the synthesis procedure of an interpenetrating system. In addition, the 
influence of the cross-linker content in the second network on the hydrogel was also 
investigated through swelling and uniaxial compression characterisations.  
 
Table 6.1. Sample preparation for AAc-OR/AAm-OR IPN gels. 
IPN Sample 
1 AAc1-OR3 /AAm5-OR0 IPN 
2 AAc1-OR3 /AAm5-OR0.1 IPN 
3 AAc1-OR3 /AAm5-OR0.3 IPN 
4 AAc1-OR3 /AAm5-OR0.5 IPN 
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Secondly, a typical ‘double network’ IPN system of a first chemically cross-linked PAAc 
network and a second physically cross-linked PAAm network (AAc-OR/AAm-NC IPN system) 
was further studied in more detail. To start with, a L9(3)
4 orthogonal experimental design 
was applied to the AAc-OR/AAm-NC IPN system to investigate the influences of various 
experimental parameters, as listed in Table 6.2. As mentioned previously in the 
Experimental section, the analysis of the orthogonal results was based on equilibrium water 
swelling results as well as uniaxial compression test results. In addition, single factor 
experimental designs were applied to AAc-OR/AAm-NC IPN gels to further confirm the 
dependence of mechanical property on the cross-linker content of either the first PAAc 
network or the second PAAm network, as listed in Table 6.3.  
 
Table 6.2. Orthogonal sample for AAc-OR/AAm-NC IPN gels. 
1 AAc1-OR1 /AAm2-NC0.5 IPN 
2 AAC1-OR2 /AAm3-NC1 IPN 
3 AAc1-OR3 /AAm4-NC2 IPN 
4 AAc1.5-OR3 /AAm2-NC1 IPN 
5 AAc1.5-OR1 /AAm3-NC2 IPN 
6 AAc1.5-OR2 /AAm4-NC0.5 IPN 
7 AAc2-OR2 /AAm2-NC2 IPN 
8 AAc2-OR3 /AAm3-NC0.5 IPN 
9 AAc2-OR1 /AAm4-NC1 IPN 
 
Table 6.3. Single factor samples for AAc-OR/AAm-NC IPN gels. 
Group 
1 
1 AAc1-OR3 /AAm4-NC0.05 IPN 
2 AAc1-OR3 /AAm4-NC0.1 IPN 
3 AAc1-OR3 /AAm4-NC0.5 IPN 
4 AAc1-OR3 /AAm4-NC1 IPN 
Group 
2 
1 AAc1-OR0.5 /AAm3-NC1 IPN 
2 AAc1-OR1 /AAm3-NC1 IPN 
3 AAc1-OR2 /AAm3-NC1 IPN 
4 AAc1-OR3 /AAm3-NC1 IPN 
5 AAc1-OR4 /AAm3-NC1 IPN 
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6.1 AAc-OR/AAm-OR IPNs 
 
6.1.1 AAc-OR/AAm-OR IPNs: FTIR results 
 
The FTIR spectra of AAc1-OR3 and AAm3-OR1 dried gel samples, AAc1-OR3/AAm5-OR0, 
AAc1-OR3/AAm5-OR0.3, AAc1-OR3/AAm5-OR0.5 IPN dried gel samples, are illustrated in 
Figure 6.1 below. All dried samples were first grinded and then mixed and pressed with KBr 
powder. Each FTIR spectrum was shifted by a fixed amount for clarity, and an additional 
zoomed spectrum from 2000 to 1000 cm-1 wavenumber region was also presented for a 
more clear view.  
As can be seen from the spectra:  
Single polymer gel AAc1-OR3 exhibits characteristic C=O stretching vibrations around 1730-
1700 cm−1, O-H stretching vibrations around 3400-2400 cm−1, O-H bending vibrations 
around 1440-1400 cm−1, and C-O stretching vibrations around 1320-1210 cm−1. Single 
polymer gel AAm3-OR1 exhibits N-H stretching vibrations around 3500-3180  cm−1 , 
characteristic C=O stretching vibrations around 1680-1630 cm−1, and the typical Amide II 
band of 60% N-H bending and 40% C-H stretching vibrations around 1640-1515 cm−1. On 
the other hand, all AAc-OR/AAm-OR IPN gel samples exhibit enhanced broad band around 
3500  cm−1  for N-H and O-H stretching vibrations, and the same characteristic C=O 
stretching vibrations around 1650-1750 cm−1. The presence of no additional functional 
groups in the FTIR patterns of IPN gels compared with single polymer gels suggests that the 
IPN system was not prepared through chemical reactions between the two networks, which 
was consistent with the definition of interpenetrating networks. All FTIR results were 
consistent with their chemical structures, and Table 6.4 below lists the common FTIR 
absorption bands for the functional groups present in these chemicals. 
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Figure 6.1. FTIR spectra of single polymers AAc1-OR3 and AAm3-OR1 and IPN systems AAc1-
OR3/AAm5-OR0, AAc1-OR3/AAm5-OR0.3, and AAc1-OR3/AAm5-OR0.5. 
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Table 6.4. IR absorptions for representative functional groups. 
Functional group Molecular motion Wavenumber (cm-1) 
Carboxylic acids O-H stretch 3400-2400 
C=O stretch 1730-1700 
C-O stretch 1320-1210 
O-H bend 1440-1400 
 
Amines 
N-H stretch (1 per N-H bond) 3500-3300 
N-H bend 1640-1500 
C-N stretch (alkyl) 1200-1025 
C-N stretch (aryl) 1360-1250 
 
Amides  
N-H stretch 3500-3180 
C=O stretch 1680-1630 
N-H bend 1640-1515 
 
 
6.1.2 AAc/AAm OR-OR IPNs: Swelling results 
 
Equilibrium water swelling measurements were conducted on all AAc-OR/AAm-OR IPN gel 
samples, as mentioned previously in Table 6.1. Here the influence of the chemical cross-
linker content in the second PAAm network on the swelling capacity of the IPN gels was 
investigated, and the swelling results were compared with single polymer AAc1-OR3 gel.  
As can be seen from Figure 6.2, the swelling patterns of AAc-OR/AAm-OR IPN gels were 
similar to the single polymer swelling curve in that the swelling was fast in the beginning 
and reached equilibrium after around a week. Compared with the ESR % value of single 
polymer AAc1-OR3 gel (4192.2%), introducing a second PAAm network in IPN gels had 
reduced the swelling capacity greatly. The addition of a second network in the 
interpenetrating system had restricted the movement of polymer chains and the whole IPN 
system became much more compact with fewer and smaller pores. Thus the penetration of 
water molecules became very difficult and the IPN gels ended up with much lower swelling 
capacities. 
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Figure 6.2. Equilibrium water swelling graph for AAc-OR/AAm-OR IPN gels. 
 
Table 6.5. ESR% results for AAc-OR/AAm-OR IPN gels. 
Sample ESR% STD ESR% 
AAc1-OR3 4192.2 805.6 
AAc1-OR3/AAm5-OR0 IPN 1073.0 26.83 
AAc1-OR3/AAm5-OR0.1 IPN 840.74 5.340 
AAc1-OR3/AAm5-OR0.3 IPN 656.21 15.50 
AAc1-OR3/AAm5-OR0.5 IPN 599.64 12.12 
 
As can be seen from Table 6.5 and Figure 6.3, the swelling capacity of IPN gels was 
influenced greatly by the chemical cross-linker content in the second PAAm network. 
Among the four IPN samples, the highest ESR % was observed in AAc1-OR3/AAm5-OR0 IPN 
gel and the lowest ESR % was observed in AAc1-OR3/AAm5-OR0.5 IPN gel. 
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Figure 6.3. Dependance of IPN’s ESR% value on the chemical cross-linker content of the 
second PAAm network. 
 
The swelling result of the AAc1-OR3/AAm5-OR0 IPN sample, of which the second polymer 
PAAm was prepared without the addition of a chemical cross-linker, was very interesting 
here. Theoretically speaking, the addition of no cross-linking agents during the synthesis of 
the second PAAm polymer should result in a linear PAAm polymer, thereby leading to a 
semi-crosslinked interpenetrating system in which linear PAAm polymers are embedded 
within the first cross-linked PAAc network. However, the fact that the observed ESR% value 
of the AAc1-OR3/AAm5-OR0 IPN sample was much lower than the single polymer AAc1-OR3 
gel but fitted into the decreasing trend of those full IPN gels suggested other possibilities. 
Besides the theoretically presumed semi-IPN network configuration of the AAc1-
OR3/AAm5-OR0 IPN sample, a very loosely cross-linked second PAAm network resulted 
from unreacted chemical cross-linkers from the preparation of the first PAAc network is also 
possible. Further characterisations such as mechanical measurements are required for more 
information. 
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6.1.3 AAc/AAm OR-OR IPNs: Compression results 
 
Uniaxial compression tests were conducted on the four AAc-OR/AAm-OR IPN samples with 
different cross-linker content in the second PAAm network, in comparison with the single 
polymer gel AAc1-OR3. At least 4 specimens were prepared for each sample to obtain a 
large enough sample pool for the calculation of average compression moduli and standard 
deviations.   
As can be seen from Figure 6.4 and Table 6.6, all IPN samples as well as single polymer 
sample could withstand up to 60% compression deformation. Single polymer sample AAc1-
OR3 gel exhibited extremely poor mechanical strength and very limited toughness, which 
was expected for chemically crosslinked hydrogels. Considering the high equilibrium water 
swelling results reported previously for the single polymer sample AAc1-OR3 gel, it can be 
concluded that the polymeric network of single polymer PAAc gels was extremely porous to 
withhold large quantity of water yet exhibiting poor mechanical strengths. 
As for the four AAc-OR/AAm-OR IPN samples with different cross-linker content in the 
second PAAm network, a much bigger area under the compression stress-strain curves was 
observed, indicating greatly enhanced mechanical toughness in IPN gels compared to the 
single polymer gel. In addition, as the cross-linker content in the second PAAm network 
increases, the AAc-OR/AAm-OR IPN hydrogel became increasingly rigid with a tendency to 
fracture.  
Thus, the interpenetrating approach of incorporating a second chemically cross-linked 
neutral PAAm network into the first chemically cross-linked ionic PAAc network had been 
proved successful in terms of mechanical property enhancement.  
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Figure 6.4. Uniaxial compression graphs for AAc-OR/AAm-OR IPN gels. 
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Table 6.6. Calculated compression moduli and standard deviations for AAc-OR/AAm-
OR IPN gels. 
 E  
(kPa) 
STD E 
(kPa) 
AAc1-OR3 0.058 0.006 
AAc1-OR3/AAm5-OR0 IPN 0.529 0.090 
AAc1-OR3/AAm5-OR0.1 IPN 1.015 0.094 
AAc1-OR3/AAm5-OR0.3 IPN 1.309 0.143 
AAc1-OR3/AAm5-OR0.5 IPN 1.548 0.123 
 
 
 
Figure 6.5. Compression moduli of AAc-OR/AAm-OR IPN gels against the chemical cross-
linker content of the second PAAm network.  
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As can be seen from Table 6.6 and Figure 6.5, it is clear that the compression modulus of 
AAc-OR/AAm-OR IPN gels depends grealtly on the influence of the chemical cross-linker 
content in the second PAAm network. As the chemical cross-linker content in the second 
PAAm network increases, the compression modulus of the interpenetrating network gel also 
increases, reaching a highest value of 1.548 kPa in the sample AAc1-OR3/AAm5-OR0.5 IPN 
gel. This increasing dependance of the mechanical strength of IPN gels on the chemical 
cross-linker content of the second PAAm network agreed well with the common features of 
chemical cross-linking, and could be expained by the increased stiffness as a result of the 
increased network cross-linking density. In addition, the compression strength of the AAc1-
OR3/AAm5-OR0 IPN sample was higher than the single polymer AAc1-OR3 gel and fitted 
well into the increasing trend of those full IPN gels along with the increasing cross-linker 
content, indicating the possible presence of a very loosely cross-linked second PAAm 
network besides linear PAAm chains. This agreed well with the previous swelling results and 
could be explained by the engagement of those unreacted chemical cross-linkers from the 
preparation of the first PAAc network.  
Therefore, it can be concluded that the interpenetrating approach between two chemically 
cross-linked networks PAAc and PAAm had succeed in improving the overall mechanical 
strength. 
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6.2 AAc/AAm OR-NC IPNs 
 
As mentioned previously, a typical ‘double network’ theory of which the optimum 
mechanical enhancement could be expected, involves the interpenetration of two 
intrinsically different polymer networks, such as the combination of a first chemically cross-
linked ionic polymer network and a second physically cross-linked neutral polymer network. 
Thus, the double network interpenetrating system AAc-OR/AAm-NC IPN gels featuring a first 
chemically cross-linked PAAc network and a second physically cross-linked PAAm network 
was further studied in more detail.  
To start with, a L9(3)
4 orthogonal experimental design was applied in the AAc-OR/AAm-NC 
IPN system to evaluate the influences of various experimental parameters, such as 
monomer AAc content, monomer AAm content, clay content, and the chemical cross-linker 
BIS content. As mentioned previously in the Experimental section, the analysis of the 
orthogonal results was based on equilibrium water swelling results as well as uniaxial 
compression test results.  
 
6.2.1 AAc/AAm OR-NC IPNs: Orthogonal swelling results 
 
Figure 6.6 below illustrates the orthogonal water swelling graph for orthogonal AAc-
OR/AAm-NC IPN gels and the calculated ESR% values are listed in Table 6.7. As can be seen 
from Figure 6.6 and Table 6.7, AAc-OR/AAm-NC IPN gels exhibited similar water-swelling 
behaviour to conventional hydrogels in that the swelling was fast in the beginning and 
gradually reached the equilibrium after nearly a week. It was observed that the highest 
swelling capacity of an ESR% value around 10185% was achieved by the sample AAc1-
OR1/AAm2-NC0.5 IPN gel when all the experimental variables remained in their lowest 
levels, while the lowest ESR% (781%) was achieved by the sample AAc2-OR3/AAm3-NC0.5 
IPN gel.  
201 
 
 
 
Figure 6.6. Equilibrium water swelling graph for orthogonal AAc-OR/AAm-NC IPN gels. 
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Table 6.7. ESR% results for orthogonal AAc-OR/AAm-NC IPN gels. 
Sample ESR% STD ESR% 
AAc1-OR1/AAm2-NC0.5 IPN 10185 1404.4 
AAC1-OR2/AAm3-NC1 IPN 3488.0 927.00 
AAc1-OR3/AAm4-NC2 IPN 2611.5 257.10 
AAc1.5-OR3/AAm2-NC1 IPN 1555.6 91.356 
AAc1.5-OR1/AAm3-NC2 IPN 5458.5 416.04 
AAc1.5-OR2/AAm4-NC0.5 IPN 1631.3 80.723 
AAc2-OR2/AAm2-NC2 IPN 2617.7 255.43 
AAc2-OR3/AAm3-NC0.5 IPN 781.10 66.786 
AAc2-OR1/AAm4-NC1 IPN 3552.8 1283.6 
 
Table 6.8 below presents the orthogonal analysis of the swelling results for AAc-OR/AAm-NC 
IPN gels. The influences of compositional experimental parameters such as the monomer 
contents (CAAc and CAAm) and the cross-linker contents (CBIS and Cclay) were evaluated. 
Here t is the average of the sum of one series of ESR% results obtained from the same factor; 
R is the range of t and it indicates the influence of each factor). As can be seen from Table 
6.8, the calculated results suggest that the chemical cross-linker content of the first PAAc 
network exhibits the strongest influence on IPN gels’ swelling capacity. In addition, the 
monomer contents (CAAc and CAAm) exhibit similar secondary influences (RtA==2143.1% 
and RtB=2187.9%) on the ESR% value of IPN gel. The physical cross-linker content in the 
second PAAm network (Cclay) showed the least influence (RtC=1333.9%).  
 
Table 6.8. Orthogonal analysis for the swelling results for AAc-OR/AAm-NC IPN gels. 
 Factor A 
CAAc 
Factor B 
CAAm 
Factor C 
 Cclay 
Factor D 
CBIS 
t 
(%) 
4460.3 4786.4 4199.5 6399.1 
2881.8 3242.5 2865.5 2579.0 
2317.2 2598.5 3562.6 1649.4 
Rt 
(%) 
RtA=4460.3-2317.2 
=2143.0 
RtB=4786.4-2598.5 
=2187.9 
RtC=4199.5-2865.5 
=1333.9 
RtD=6399.1-1649.4 
=4749.6 
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6.2.2 AAc/AAm OR-NC IPNs: Orthogonal uniaxial compression results 
 
Uniaxial compression tests were also conducted on as-prepared orthogonal AAc-OR/AAm-
NC IPN samples. For each gel sample, at least 5 cylindrical specimens were prepared to 
obtain a large enough sample pool so that an average compression modulus and a standard 
deviation could be calculated. As mentioned previously in Chapter 3.4.7, the compression 
modulus was obtained from the slope of the linear-elastic region of the stress-strain curve 
(around 10%-17% strain).  
An example of data dealing for AAc2-OR3/AAm3-NC0.5 gel sample was presented in Table 
6.9 and Figure 6.7 below. As can be seen from the stress-strain curves of AAc2-OR3/AAm3-
NC0.5 gel, all of the eight runs can withstand compression force only up to 45 % 
compression deformation, and then fracture into pieces. In addition, Run 1 and Run 4 was 
observed to be not linear lines in the 10-17% region of their stress-strain curves, hence the 
calculation of average E and standard deviation of E were conducted ignoring these two 
data. 
 
Table 6.9. Example of data dealing for AAc2-OR3/AAm3-NC0.5 gel sample. 
 E 
(kPa) 
Average E  
(kPa) 
STD E 
(kPa) 
Run1 2.118(deleted) 3.966 0.029 
Run2 3.037 
Run3 3.096 
Run4 3.403(deleted) 
Run5 5.443 
Run6 3.071 
Run7 4.238 
Run8 4.912 
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Figure 6.7. Example of data dealing for AAc2-OR3/AAm3-NC0.5 gel sample. 
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As can be seen from Figure 6.8 and Table 6.10, most of the orthogonal AAc-OR/AAm-NC IPN 
gel samples can withstand compression strains up to 80% deformation without fracture, 
which was a huge improvement in the mechanical strength in comparison to their single 
network counterparts. In addition, greatly enhanced mechanical strength was observed in 
AAc2-OR3/AAm3-NC0.5 IPN gel samples with a peak compression modulus of 3.967 kPa.  
This dramatic enhancement in the AAc2-OR3/AAm3-NC0.5 IPN gel sample agrees well with 
the well-established ‘double network’ theory [239-241] that the optimum mechanical 
enhancement of an interpenetrating hydrogel system comes from the combination of two 
individual networks distinctly different in their cross-linking density, network charges, and 
network rigidity [240, 244-246]. To be more specific, the AAc2-OR3/AAm3-NC0.5 IPN gel 
sample features a chemically cross-linked ionic PAAc first network of high cross-linking 
degree and a physically cross-linked neutral PAAm second network of low cross-linking 
degree. During the two-step sequential synthesis procedure of the interpenetrating network 
structure, the first ionic polyelectrolyte PAAc network acted as a rigid scaffold for holding 
the shape of the gel [248, 318], whereas the flexible neutral PAAm polymers filled in the 
rigid PAAc network and played the role of energy absorption [247, 319].  Because of the 
very low physical cross-linking degree in the second PAAm network, the flexible PAAm 
chains were able to rotate and stretch to dissipate stress under applied strain. Hence, very 
good overall mechanical performance was obtained in the AAc2-OR3/AAm3-NC0.5 IPN 
sample. 
 
Table 6.10. Compression modulus results for orthogonal AAc-OR/AAm-NC IPN gels. 
Sample Average E 
(kPa) 
STD E 
(kPa) 
AAc1-OR1/AAm2-NC0.5 IPN 0.017 0.009 
AAc1-OR2/AAm3-NC1 IPN 0.043 0.009 
AAc1-OR3/AAm4-NC2 IPN 0.139 0.025 
AAc1.5-OR3/AAm2-NC1 IPN 0.371 0.070 
AAc1.5-OR1/AAm3-NC2 IPN 0.156 0.074 
AAc1.5-OR2/AAm4-NC0.5 IPN 0.557 0.096 
AAc2-OR2/AAm2-NC2 IPN 1.038 0.079 
AAc2-OR3/AAm3-NC0.5 IPN 3.967 0.029 
AAc2-OR1/AAm4-NC1 IPN 0.952 0.161 
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Figure 6.8. Uniaxial compression graphs for orthogonal AAc-OR/AAm-NC IPN gels. 
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Table 6.11 below presents the orthogonal analysis of the uniaxial compression modulus 
results for AAc-OR/AAm-NC IPN gels. The influences of compositional experimental 
parameters such as the monomer contents (CAAc and CAAm) and the cross-linker contents 
(CBIS  and Cclay) were evaluated. Here t is the average of the sum of one series of 
compression modulus results obtained from the same factor; R is the range of t and it 
indicates the influence of each factor). 
As can be seen from Table 6.11, the calculated results suggest that the monomer content of 
the first PAAc network (CAAc) exhibited the strongest influence on IPN gels’ compression 
modulus (RtA=1.919 kPa), followed by three comparable influences from the monomer 
content of the second PAAm network (CAAm), the chemical cross-linker content of the PAAc 
network (CBIS), and the clay content of the PAAm network (Cclay).  
 
Table 6.11. Orthogonal analysis for the compression results for AAc-OR/AAm-NC IPN gels. 
 Factor A 
CAAc 
Factor B 
CAAm 
Factor C 
 Cclay 
Factor D 
CBIS 
t 
(%) 
0.066 0.475 1.513 0.375 
0.361 1.388 0.455 0.546 
1.985 0.549 0.444 1.492 
Rt 
(%) 
RtA=1.985-0.066 
=1.919 
RtB=1.388-0.475 
=0.913 
RtC=1.513-0.444 
=1.058 
RtD=1.492-0.375 
=1.117 
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6.2.3 AAc/AAm OR-NC IPNs: Single factor swelling and compression results 
 
Single factor experimental designs were additionally applied on AAc-OR/AAm-NC IPN gels to 
further confirm the results obtained from the orthogonal analysis. The cross-linker densities 
of either the first chemically cross-linked network or the second physically cross-linked 
network were selected as the varying factor being investigated, as mentioned previously in 
Table 6.3.  
Firstly, equilibrium swelling measurements were conducted on Group 1 AAc-OR/AAm-NC 
IPN gel samples with various clay contents in the second PAAm network, and the results 
were present in Table 6.12 and Figure 6.9. Here, at least three samples were prepared for 
each sample to obtain an average value of ESR% and a standard deviation. Compared to the 
ESR% of single network AAc1-OR3 gel (ESR%=4192%), the water swelling capacities of all 
AAc-OR/AAm-NC IPN gels were greatly reduced in the ESR% range of 1656.7-2074.9%. This 
decrease in swelling capacity in AAc-OR/AAm-NC IPN gel samples as a result of introducing a 
second physically cross-linked PAAm network could be explained by the restricted chain 
movement and more compact network structure. 
As can be seen from Table 6.12, the ESR % values of AAc-OR/AAm-NC IPN gel samples 
increased with increasing clay content in the second PAAm network, indicating a higher 
efficient crosslinking density for the IPN gel at lower physical cross-linker content. This 
strange clay content dependence can be explained by the micromorphology in the 
molecular level. At low clay content, the second PAAm network contains loosely cross-linked 
polymer chains, which are very flexible and can easily orient to fill the ‘void’s present in the 
previously formed PAAc network. Thus, the interpenetration process between the two 
networks would be easier to achieve when the clay content in the second network was low, 
thereby leading to a more compact interpenetrating system with reduced water holding 
capacity.  
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Table 6.12. Swelling results for single factor AAc-OR/AAm-NC IPN gels. 
Sample ESR% Average ESR% STD ESR% 
AAc1-OR3 /AAm4-NC0.05 IPN 1611.6 1656.7 49.860 
1710.2 
1648.4 
AAc1-OR3 /AAm4-NC0.1 IPN 1566.3 1595.4 26.097 
1616.7 
1603.3 
AAc1-OR3 /AAm4-NC0.5 IPN 2045.4 2068.4 22.380 
2090.1 
2069.6 
AAc1-OR3 /AAm4-NC1 IPN 2043.6 2074.9 80.142 
2015.2 
2166.0 
 
 
Figure 6.9. Influence of the clay content on the swelling results for single factor Group1 AAc-
OR/AAm-NC IPN gels.  
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Secondly, uniaxial compression tests were conducted on Group 2 AAc-OR/AAm-NC IPN gel 
samples with various chemical cross-linker BIS content in the first PAAc network. Here, at 
least four samples were prepared for each sample to obtain an average value of ESR% and a 
standard deviation. An example of data selection was illustrated in Figure 6.10 below, in 
which Run 1 with linear shape in the 10-17% strain region was selected.  
As can be seen in Figure 6.11, all Group 2 AAc-OR/AAm-NC IPN gel samples can withstand 
compression force up to 80% strain without any fracture. In addition, the much bigger area 
under the stress-strain curves for the four AAc-OR/AAm-NC IPN samples in comparison with 
single network AAc1-OR3 gel indicates greatly enhanced mechanical toughness. Similar to 
the situation of chemically cross-linked AAc-OR/AAm-OR IPN gels, introducing a second 
PAAm network had resulted in much higher mechanical strength in comparison with single 
network AAc1-OR3 gel.  
In addition, it was observed that the mechanical stiffness of AAc-OR/AAm-NC IPN gels 
exhibited an increasing dependence on the chemical cross-linker content (CBIS) in the first 
PAAc network. That is to say, high compression modulus was observed at high BIS content in 
AAc-OR/AAm-NC IPN gels, which is consistent with the common feature of chemical cross-
linking that a more rigid network with high mechanical strengths would form at high 
chemical cross-linking degrees.  
The calculated average compression modulus was listed in Table 6.13 below, and the 
influence of CBIS in the first PAAc network on the compression modulus was illustrated in 
Figure 6.12. as can be seen from Table 6.13 and Figure 6.12, AAc-OR/AAm-NC IPN gels 
exhibited greatly enhanced compression modulus (0.105-0.416 kPa) in comparison with 
single network AAc1-OR3 gel (0.005 kPa).  
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Figure 6.10. Example of data selection for AAc1-OR0.5/AAm3-NC1 IPN gel.  
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Figure 6.11. Uniaxial compression graphs for single factor AAc-OR/AAm-NC IPN gels. 
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Table 6.13. Uniaxial compression results for single factor AAc-OR/AAm-NC IPN gels. 
Sample 
 
Average E 
(kPa) 
STD E 
(kPa) 
AAc1-OR0.5 /AAm3-NC1 IPN 0.105 0.002 
AAc1-OR1 /AAm3-NC1 IPN 0.207 0.035 
AAc1-OR2 /AAm3-NC1 IPN 0.220 0.062 
AAc1-OR3 /AAm3-NC1 IPN 0.258 0.017 
AAc1-OR4 /AAm3-NC1 IPN 0.416 0.046 
 
 
Figure 6.12. Influence of the chemical cross-linker content on the compression modulus for 
single factor AAc-OR/AAm-NC IPN gels. 
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6.3 Summary 
For AAc-OR/AAm-OR IPN gels, equilibrium swelling results suggested greatly reduced ESR% 
values for all IPN gels (599.64-1073.0%) in comparison with single polymer gel AAc1-OR3 
(4192.2%), and the ESR% value decreased with increasing chemical cross-linker content of 
the second PAAm network. Uniaxial compression results showed dramatically increased 
mechanical strengths in IPN gels (compression modulus in the range of 0.529-1.548 kPa) but 
increased brittleness in comparison with single polymer gel AAc1-OR3 (0.058 kPa), 
indicating an increase in the cross-linking density as the chemical cross-linker content of the 
second PAAm network was increased.  
For AAc-OR/AAm-NC double network gels, orthogonal swelling results showed ESR% values 
in the range of 781.10-10185%, and the highest ESR% of 10185% was achieved by the 
sample AAc1-OR1/AAm2-NC0.5 IPN gel. In addition, orthogonal analysis suggested the CBIS 
of the first PAAc network having the strongest influence on the swelling capacity of IPN gels. 
Orthogonal compression results showed very good compression toughness without fracture 
up to 80% deformation, and compression modulus in the range of 0.017-3.967 kPa. In 
addition, orthogonal analysis suggested the  CDMAA of the first PAAc network having the 
strongest influence on the compression properties of IPN gels. Additional single factor 
swelling and uniaxial compression measurements further confirmed these dependences, 
and the optimum composition for AAc-OR/AAm-NC DN gel was concluded as a densely 
cross-linked (high CBIS) first PAAc network and a loosely cross-linked (low Cclay) second 
PAAm network. This was consistent with the literature reported double network toughening 
mechanism: distinctly different properties in terms of network charges, chain flexibilities, 
and cross-linking degrees in the two network components [244, 319]. The first densely 
crosslinked rigid polyelectrolyte forms the backbone, and the second loosely cross-linked 
soft and flexible neutral polymer plays the part of energy dissipation, thereby resulting in 
superior toughness [247, 320, 321]. 
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7. Chapter 7 Conclusion and Future work 
In this research, three approaches were employed to improve the mechanical properties of 
hydrogels though microstructural control in the initial synthesis process, including physical 
cross-linking, copolymerisation, and interpenetrating systems. 
Firstly the approach of introducing physical cross-linking instead of conventional chemical 
crosslinking was investigated. Here, both conventional chemically cross-linked PDMAA-OR 
gels as well as advanced physically cross-linked PDMAA-NC gels were successfully prepared 
through photo-initiated free-radical cross-linking polymerisation process. Orthogonal 
swelling measurements were conducted on both as-prepared PDMAA-OR gels and PDMAA-
NC gels to investigate the influence of various experimental parameters on hydrogels’ 
equilibrium swelling properties. Then, single factor swelling and uniaxial measurements 
were conducted on both as-prepared PDMAA-OR gels and PDMAA-NC gels to further 
confirm the obtained results.  
For DMAA-OR gels, both the viscosity average molecular weight measurements and FTIR 
measurements confirmed that the cross-linking/polymerisation mechanism of chemically 
cross-linked DMAA-OR gels was through a free radical induced simultaneous 
polymerisation/cross-linking process which involves the breaking of carbon-carbon double 
bonds in the monomer and the chemical cross-linker. The SEM images further confirmed the 
presence of various abundant pores in the gel network, which was resulted from the 
uncertainty of the free radical movement and the inhomogeneous cross-links formation 
process. Orthogonal swelling results suggested that  CDMAA showed the largest influence on 
the swelling behaviour (ESR%, EWC% and Gel%) . The influence of CBIS was comparable to 
CDMAA on ESR% and EWC%, but very little on Gel%. The influence of tUV was very little in all 
swelling results. Single factor swelling and compression results further confirmed the 
influence of CBIS and CDMAA. At fixed CBIS, DMAA-OR gels with low initial CDMAA were of 
high swelling capacities and low compression modulus due to the low cross-linking degree 
as a result of dilute solution chain disentanglement as well as inefficient cross-linking  
(cyclization effect). At fixed CDMAA, DMAA-OR gels with low initial CBIS were of high swelling 
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capacities and low compression modulus. For DMAA-NC gels, both FTIR and XRD analysis 
confirmed the incorporation and exfoliated dispersion of clay sheets in the polymer matrix. 
Orthogonal swelling results suggested that Cclay showed the largest influence on ESR% and 
EWC%, while CDMAA showed the largest influence on Gel%. Single factor swelling and 
compression results further confirmed the more efficient cross-linker role of Laponite XLG 
clay in DMAA-NC gels than BIS-acrylamide in DMAA-OR gels. In addition, the existence of 
clay overlapping and incomplete exfoliation of clay platelets within polymer matrix were 
observed in as-prepared DMAA NC gels. Compared to conventional DMAA-OR gels, 
nanocomposite hydrogels showed comparable swelling capacities but much superior 
mechanical strengths due to the increased flexibility in the cross-links.  
Secondly, the copolymer approach was investigated on two systems DMAA-co-AAm and 
AAc-co-AAm copolymer gels. For the DMAA-co-AAm copolymer system, slightly enhanced 
swelling capacities were achieved in most DMAA-co-AAm copolymer gels in comparison 
with single polymer gels at fixed total monomer content. The ESR% results of copolymer 
gels exhibited dependence on the monomer composition, and the highest ESR% was 
achieved in sample DMAA0.5-co-AAm0.5-OR1 (2708.4%). The compression results 
suggested that the copolymer gels can withstand compression force up to 40% deformation, 
and the calculated compression modulus were in the range of 0.208-0.264 kPa, which was 
slightly higher than single polymer gels at fixed total monomer content. SEM images 
confirmed the presence of abundant pores of varies sizes in the surface morphology of 
copolymer samples. In addition, the largest pores present in the sample DMAA0.5-co-
AAm0.5-OR1 gel was consistent with its previous high swelling capacity, and could be 
explained by the low crosslinking density as a result of more dominate copolymerisation 
kinetics rather than cross-linking kinetics at equal monomer compositions. For the AAc-co-
AAm copolymer system, dramatically increased swelling capacities were achieved for all 
AAc-co-AAm copolymer gels in comparison with single polymer AAm1-OR1 gel with a peak 
ESR% of 18355% achieved by AAc0.5-co-AAm0.5-OR1 gel, which was resulted from the 
greatly increased ionic network charges. The compression modulus for all copolymer gels 
were in the range of 0.031-0.104 kPa, which was much lower than single polymer AAm1-
OR1 gel (0.134 kPa) and mostly higher than single polymer AAc1-OR1 gel (0.058 kPa). This 
poor mechanical strength in copolymer gels was consistent with the previous high swelling 
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capacities, and was resulted from the presence of large quantity of water and the low cross-
linking degree and was then further confirmed by the presence of extremely large pores in 
the lateral SEM images. 
Thirdly, the interpenetrating network approach was evaluated. The first feasibility study on 
AAc-OR/AAm-OR IPN gels showed reduced swelling capacity and dramatically increased 
mechanical toughness in IPN gels in comparison with single polymer gel AAc1-OR3. Then, a 
detailed orthogonal swelling and compression analysis on AAc-OR/AAm-NC double network 
gels showed very good swelling capacity and compression toughness. CBIS of the first PAAc 
network having the strongest influence on the swelling capacities, and CDMAA of the first 
PAAc network having the strongest influence on the compression properties of IPN gels. 
Additional single factor swelling and uniaxial compression measurements further confirmed 
these dependences, and the optimum composition for AAc-OR/AAm-NC DN gel was 
concluded as a densely cross-linked (high CBIS) first PAAc network and a loosely cross-linked 
(low Cclay) second PAAm network. The double network toughening mechanism of distinctly 
different properties in terms of network charges, chain flexibilities, and cross-linking 
degrees in the two network components was concluded as successful, since the densely 
crosslinked rigid polyelectrolyte plays the part of scaffolds that hold the IPN in shape while 
the flexible loosely cross-linked neutral part plays the part of energy dissipation and load 
bearing component.  
Compared to other literature reported hydrogel systems with good mechanical strengths, 
the work conducted in this thesis features UV-initiation and orthogonal analysis of various 
experimental parameters, hence was a good starting point for other researchers that 
interested in the same field.  
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Future work 
Due to limited timescale and knowledge awareness at the time, here are a few suggestions 
for later researchers interested in this field: 
Use other characterisation techniques to confirm the linear polymer molecular weight 
measurement results, for example GPC with suitable columns.  
Use Optical Microscopy/Confocal Microscopy with the help of a hydrophilic fluorescent dye 
to investigate the surface morphology/rehydration of freeze-dried hydrogels. 
Use Neutron Scattering/Raman spectrum to investigate the distribution morphology of 
physical cross-linker clay in the IPN gel system 
Modification with various functional groups- The modification could be conducted on either 
the polymer chain ends or the cross-linker surface with various functional groups to alter 
their hydrophobicity, and to explore new fields of applications such as controlled drug 
delivery, artificial muscle and scaffold architecture design, and release systems and selective 
heavy metal ion absorption devises.  
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